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PROBLEM STATEMENT 

In support of the NASA LHj? Droptank Study Contract, NAS 8-26362, aerodynamic 
characteristics of the tanks are required.. Effects of tank fineness ratio on drag 
are needed for determining effects on ascent performance and normal force distribution 
for performing loads analysis. This EM presents analytical estimates of these 
characteristics and compares results with NASA (Ames) Wind Tunnel test results. 


RESULTS 

Figure 1 shows a sketch of the Shuttle orb iter vehicle with two LH2 tanks mounted 
on the body. The actual tank currently has a single 15 deg blunted conical nose, 

a nominal overall length of 86.6 ft and diameter of 14 ft. Ames test results indicate 
that interference effects from the tanks are large, constant with angle of attack,, 
and act on the orbiter wing surface. It is concluded that forces and moments on the 
tanks (in presence of the orbiter) are essentially the same as the isolated tanks. 

Normal Force Distribution 

Distribution of the normal force curve slope, Cn^ over the LH2 droptank at Mach 1.2 
is presented in Figure 2. This force distribution is based on empirical results 
presented in References 1 and 2. 


Total tank normal force is obtained by integrating this distribution, W.R.T. 
as follows : 


(X/D) 


N T = S ref 


a cn 


h . 

I \ 




0 1/Rad 

where 

Reference area, „ is the tank maximum cross sectional area ir D 2 /k , D - 
168 in. ^ ef 


Interference Effects 

Force and moment test results obtained from NASA Ames (Ref. 3) were reviewed to 
determine normal force, axial force, and pitching moment characteristics of these 
tanks including interference effects in the presence of the orbiter. The variation 
of (tank + interference) normal force coefficient with angle of attack is shown 
in Figure 3, a6 obtained from Reference 3. These static aerodynamic characteristics 
show a large increment in Cu due to the tanks and a slight variation with angle 
of attack. The normal force variation with angle of attack 
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(at M = 1.2) 


corresponds to the value of CN a obtained by integration of the distribution in 
Figure 2 . * 

The conclusion reached is that the normal force of the Lfljg tank in presence of the 
orb iter is approximately equal to the isolated tank normal force with a large normal 
force induced by the tank acting over the arbiter wing. This induced (wing) normal 
force is approximately constant acting over the wing aft of the tank base, and giveB 
a negative pitching moment increment. 

Figure 3 also shows pitching moment coefficient for the tank + interference. The 
value of -(3^ at o? - 0 represents the constant increment due to tank interference 
effects acting on the wing. 

Summarizing : 

CK ran)c + Intf " ^Intf + (%)itak “ 

Intf " A< Vtatf + (S*)fenk “ 

act on orbiter wing surface and are constants at a 


Cm Tank 


where 

given 


feS4er? d AC “ Intf 


Axial Force 


The estimated axial force coefficient of the isolated LBg tank is presented in 
Figure 4 as a function of tank ’’overall" fineness ratio and Mach number. Results 
from the Ames test (Reference 3) show the axial force of the tanks plus Interference 
effects are **3*0 times the value of the isolated tanks. 

Axial force coefficients for the isolated tanks were obtained using Reference k for 
forebody wave drag (15 deg blunted cone), skin friction drag using the reference 
temperature method, and base drag from a correlation of experimental results. The 
slope of vs (L/D) TankB , Figure ^yields the drag partial for performance 

effects. 

4 
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PROBLEM 

During ascent flight of the two-and-one-half stage shuttle vehicle, 
external tanks placed on the sides of the orbiter are a souroe of significant drag. 
These external tanks, in addition to their own drag, create an interference drag 
acting on the orbiter which is of the order of 3 times the drag of the isolated 
tanks. Tanks ohaping/lo cation and fuselage-tank fairingt. are possible solutions 
to drag reduction and are discussed qualitatively herein. 

RESULTS 

Wind tunnel test results (NASA AMES TEST 66-546) are presented in Fig. 1 showing 
drag of the two external LH2 tanks plus their interference drag. Also shown 
on Fig. 1 is the estimated drag of two isolated (free body) tanks. The interference 
drag can be seen in this figure to vary from 2*-5 to > 3 times the Isolated tank 
drag. This is not unusual and has been experimentally verified many times for 
externally mounted stores. The greatest problem area is in the transonic region 
up to 2 or 2*5 Mach number, with interference effects dissipating on either side. 

The source of the problem is located in the region behind the blunt base of the 
tanks over the surface of the orbiter wings. Reference 1 which reviewed the NASA 
AMES test results (Test 66-546) shows a large positive increment in normal force 
due to these tanks at zero degrees angle -of-atta ck and a negative pitching moment 
increment. Since the base is less than one tank diameter from the center 
of gravity, this pinpoints the interference effects as acting over the wing 
surface aft of the tank base. 

Since the primary interference effects are in the transonic-supersonic region, it 
would appear that an attempt at area ruling through fuselage-tank fairings on 
tank shaping would provide a smoother cross-seotional area distribution of the 
orbiter-tahk combination. Fig. 2 presents a plot of drag impulse, (C^ ’q) versus 

time, for the tanks + interference. A second curve shows the potential reduction 
in ascent drag due to reduction of interference effects. 

Elga. 3 and 4 show possible solutions to reduce interference ascent drag due 
,„to these tanks. In Fig. 3, a higher fineness ratio tank is shown schematically 
with a higher fineness ratio boattail terminating at the wing trailing edge. 
Interference areas on the wing are reduced with the tank base located aft and 
the more gradual tank boattail will provide smoother flow characteristics. Also 
shown in Fig. 3 is the existing tank/orbiter configuration. 
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Fig. 4 shows two additional concepts - 

• Sane tank diameter and location as original tank but 
with the tank boattail fineness ratio increased for area 
ruling effect yielding smoother air flow. 

• A dropable fairing, contouring the existing tank base into 
the fuselage - also an area ruling effects. 

These potential solutions can easily be checked in a brief wind tunnel test. 

The final solution must be one compatible with structural, mec h anical, and 

weight design considerations. 

REFERENCE 

1. "Normal Force Distributions and Axial Force Characteristics for the LHg 
Droptanks On the Grumman /Boeing Orbiter, EM No. L2-12-01-M1-1, G. Morris, 
29 April 1971 • 
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PROBLEM STATEMENT 


Pertinent to this study is the identification of ascent-trajectory profiles and 
Orbiter- injection conditions from which reentry trajectories emlnate. The analysis 
presented herein establishes nominal ascent-trajectory profiles for injection at 
the perigee of 50 x 100 nm orbits with inclinations of 28.5, 55 , and 90 deg. Also 
included are alternate trajectories simulating drag variations resulting from 
alternative droptank geometry. 

RESULT 


Four nominal accent trajectories were generated representing launches from ETR 
(inclination, I = 28. 5 , 55* an d 90 deg) and WTR (i = 90 deg). A summary of 
injection conditions for each trajectory is presented in Table 1 for a nominal tank 
configuration designated by a fineness ratio, 4/d = 6 . 07 . Also shown are 
summary data for tank geometry changes to evaluate tank configuration (drag) effects 
on ascent and injection conditions. 

AFFECTED WORK BREAKDOWN STRUCTURE ELEMENTS 


The following study areas are affected by the results of this analysis: 

• Droptank thermal and structural design 

• Orbit ephemeris generation 

• Range safety 

Given- and- Assumed Conditions 

The Boost er/Orb iter /Droptank configuration used in the study was furnished by NASA 
under the External Liquid Hydrogen Droptank System Design Study Contract. Launch 
weight was assumed at 4.25M lb for all cases with a corresponding 1.35 thrust- to- 
weight ratio (T/W) at launch. A weight summary for a typical launch configuration 
is in Table 2. Maximum thrust (vacuum) propulsion characteristics are described 
in Table 3 for both the orbiter and booster, and assumed drag data are shown in 
Fig. 1. 

Trajectory constraints assumed in the analysis included flight path optimization and 
lateral loading limitations (tyq = 1000 deg-psf)*, both accomplished with pitch 
attitude control throughout ascent and a 3g longitudinal acceleration limit. The 
acceleration limit was accomplished by throttling the booster and orbiter engines, as 
needed, to maintain 3g. 

Droptank geometry variations assumed, 4/a changes for d given (constant) volume. 
Nominal tank 4/d - 6.07; assumed variations were 4/d - l4. 5 for the minimum 
drag configuration and 4/d 3.5 for the maximum drag configuration. 


* 01 is angle- of-attack, q is the dynamic pressure 
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Table 1 




0 

0 

1 
0 




ORBIT INJECTION SUMMARY 



a 

2 





Injection Conditions 


5 T 

CD 


Orbit 



Inertial 

Inertial 



>- 4 

(D 

Tank 

Inclination 

launch 

Altitude 

Velocity 

Flight Path 

Latitude 

Longitude 

09 

•S? 

Configuration 

(deg) 

Site 

(nm) 

(f^s) 

(deg) 

(deg) 

(deg) 

j e/a = 6.07 

28.5 

ETR 

50.01 

25856.1 

0.01 

27.76N 

68 . 27 W 

g 

(Hominal) 

55.0 

ETR 

50.01 

25856.I 

0.01 

36.9211 

7I.83W 

1 

1 


90.0 

ETR 

50.02 

25856.I 

0.01 

16 . 65 N 

81 . 19 W 


90.0 

WTR 

50.02 

25856.I 

0.01 

22 . 83 N 

121 . 25 W 

i/d = 3.5 

23.5 

ETR 

50.01 

25856.I 

0.01 

27.69N 

68 . 31 W 


(Maximum Drag) 

55.0 

ETR 

50.02 

25856.I 

0.01 

36 . 90 N 

71 . 83 W 



90.0 

ETR 

50.01 

' 25856.I 

0.00 

16 . 68 N 

81 . 19 W 



90.0 

WTR 

50.03 

25856.I 

0.02 

22.85N 

121 . 23 W 


i/d = 14,5 

28.5 

ETR 

50.01 

25856.I 

0.00 

27.78N 

68 . 25 W 


(Minimum Drag) 

55.0 

ETR 

50.02 

25856.I 

0.01 

36 . 94 N 

71 . 81 W 



90.0 

ETR 

50.02 

25856.I 

0.01 , 

i6.64n 

81 . 20 W 



90.0 

WTR 

50.02 

25856.I 

0.01 

22.8LN 

121 . 24 W 
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Table 2 

WEIGHT SUMMARY - TYPICAL TWO- AND- ONE- HALF STAGE CONFIGURATION 


• Launch Weight 

-Booster Propellant Expended bo 3g Point 

• Weight at 3g Point 
-Remaining Booster Propellant 

• Weight at Booster Burnout 
-Booster Jettison Weight 

• Orbiter Ignition Weight 

-Orbiter Propellant Expended to 3s Point 

• Orbiter Weight at 3s 
-Remaining Propellant 

• Orbiter Burnout (injection) Weight 


4,254,970 lb 
- 2 * 1 2^1 
2,119,003 lb 
-466 ♦ 600 
1,652,403 lb 

978,370 lb 

^SBjSE. 
439,335 It 

317,204 lb 


Table 3 

PROPULSION SUMMARY AT MAXIMUM THRUST 


• Booster 


Vacuum Thrust (Total) 

6 , 358,000 

lb 

Vacuum I 

sp 

443 

sec 

Flow Rate (Total) 

14,350 

lb /sec 

Orbiter 

Vacuum Thrust (Total) 

1 , 318,000 

lb 

Vacuum I ^ 
sp 

445 

sec 

Flow Rate (Total) 

ro 

* 

H 

• 

CD 

Ib/sec 
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The sequence of events for all trajectories is shown in Table 4 with representative 
rime points. The indicated sequencing was assumed in lieu of a more detailed 
event history for a specific system. 


Table 4 

TfPICAL FLIGHT SEQUENCE FOR LAUNCH TO PERIGEE INJECTION (50 x 100 NM ORBIT) 


Time 

( sec) 

Event 

0.0 

Launch 

17.0 

Begin pitch maneuver 

148 . 5 

Maximum g point - begin booster engine 
throttling 

185.56 

Booster bumout/separation - orbiter 
ignition 

367.55 

Maximum g point - begin orbiter engine 
throttling 

415.0 

to 

433.0 

Orbit Injection/burnout 


DISCUSSION 


The launch trajectory simulations were generated using the PRESTO program (Ref. 1 ). 
which optimises total injection weight for given orbit conditions by minimizing 

re 2 ! iir0 ?i nts of a given system configuration. The program assumes 
earth : Oblateness on perigee (Injection) velocity require- 

ments is discussed in Ref. 2 .- The related effects on booster propellant require- 
ments are shown in Fig. 2 . H 


^v^f 0 * 08 wor ? ?P t3jnized for injection at a perigee of a 50 x 100 nm orbit 
v^th inciinations and launch sites varying as indicated in Table 1 . Highlights 

P™ s ® nt ® d in Table 5 , and a complete trajectoiy parameter 
proj^les liStil18 18 included ^ A PP® n{ ?-ix A for one of the nominal ascent-flight 

A comparison of nominal ascent trajectories for the four assumed orbits show that 

SSf 160 (I) f equire increased total energy for injection 
at a given orbit altitude. This comparative effect is indicated by the lower inlec- 

caLfi^f 8 +bf f° r hlg ^ inclinationB reflecting greater propellant usage. The primary 

requirement is the lessening effects of earth roSion 
on inertial velocity as I approaches 90 deg. 


A BOOSTER PROPELLANT WEIGHT LlOCa lb) 
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The effects of drag are obvious, decreasing the vehicle frontal area to reduce 
drag (as exemplified by the 1/ d -* 14*5 tank data) decreases comparative ascent 
times and propellant requirements for injection which in turn affect system gross 
lift-off weight (GLOW) . Figure 3 shows this effect for the I = 28.5 deg mission. 

Expansion capabilities of the system were investigated by varying booster size. 

The prel iminar y analysis shows the obvious, i.e,, increased orbit injection weight 
is available by increasing booster size. However, the result* show that the ratio 
of booster weight increase per pound of injected weight or payload weight Is large 
(Fig. 4) and more detailed analysis is required for conclusive design results. 

The effect of booster size increase on ideal (impulsive) velocity capabilities for 
ascent is shown in Fig. 5* 

A change in launch site has little effect on ascent requirements. Variations in 
injection weight are «1 percent and flight times vary less than 1 sec. 

TERENCES 

1. "Program for Rapid Earth-to-Spaoe Trajectory Optimization, PRESTO," 
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2. "Effects of Earth Oblateness and Atmospheric Drag on A Spaoe Shuttle Vehicle in 
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Appendix A 


The listing of trajectory parameter histories on the subsequent pages is for launch 
to a perigee injection of a 50 x 100 nm orbit with a 55- deg inclination. A launch 
weight of 4.25 lb is assumed with a thrust -to- weight ratio of 1*35. 

Although the two- and- one- half stage system has only two ascent boost stages - 
booster and orbiter, four stages are indicated in the computer listings. The 
discrepancy is necessary for purposes of programming and is related to actual 


conditions as follows : 

Computer 

Stage 

Vehicle 

Stage 

Event 

1 

Booster 

Maximum thrust to 3g limit 

2 

Booster 

Engines throttled for 3g to burnout 

3 

Orbiter 

Maximum thrust to 3g limit 

k 

Orbiter 

Engines throttled for 3g to injection 
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97.7* 797.3 70. *8 89.68 lSA*i. 2®*97 -80*52 909* 4013104. 

97.74--i737.7~ 23. 9c - 89*98 ,71 f¥*0 — 285592* «• 989? — 

52*14 892.3 47.4c 89*64 l»99j* 28.97 -80*52 944* 6059075. 

52. |G »837.0 25.0c -fc.97 ~ nx r ,57 —935599. 0* 730* 


6EUHT T N£ T A CHI eTA 0 ChI p C TA 

LB DEC- DEG OTG DeG p£G 

PS1BAR Long ACCEl jet t jetfuel 

OEG G - ------ 


425997Q. 

’0*00 

*00 

•00 *00 

• 00 

*00 

0*0U0 

4011020* 

— no .89 - 

' .000 
o.oco 

89.Ii 

• 00 

-9.750-05 0*000 

-•79 ,Oo *03 

0 V • 0 i 

1*4 3 3 “ 


u. 0 . 


399 / 953 . 

*9.82 

• 6*99 
1*456 

• on 

-2*03 .00 

0 . - 0. 

-.00 

3*84886. 

NO . B 9 — 

*4.13 

• 00 

-2.54 .Oc 

-*oa 

"T | O 4 

3*21818. 
—■ *9.82 

— 1 • 4 8 1 

81.86 

1*507 

* L’O 

0 -- 0. ■ 

-1.59 ,00 

0 , 0 . 

-.00 

37S8751 . 

Mf .17 

79.67 

- 4 r 9 „ -- 

• 00 

-.51 .00 

-.on 

•7804 

3*456*9 * 
*9.82 

I • 53*4 

77.94 

1*563 - 

*00 

0 . IT. 

•48 .00 

0 . 0. 

-.00 

3*32617. 

0 9 1 R ? 

79.68 

8 CL 

• 00 

•61 .00 

-.00 

3569550. 

H Q.flL -- 

71.87 

-*I0 

- 0 * 0 * 

1*19 -.00 

-.00 

g * * 03 

“ 1 *605 


o. — - 0. 


3SU6462* 

*9.83 

*9.01 
— 1 «40j — 

-.08 

1.5* -.00 

0 , o» 

-.00 


2*. 47 -80*51 

.42- 616428* — 

2* • 47 -80*51 

i-35 - 89*607. 

514. 

- 0* — 

54 7 * 
C.— 

*099120. 

- 730* - 

6137655. 
792* 

3443415. 
*9.83 

33*0348. 

*9.8*. 

*5.62 
- 1.592 

*2.20 

4 

-.0* 

-•05 

0. 

A 

1*4? 

1.35 

-.00 

o*- 

-•Oo 

A 

-.00 

-.00 

2»*47 -60*50 

3* 107*905. 

565* 

— 0* -- 

617724J . 
7*8* - 

331728) . 

- *9.86 

1 * *797 

58.75 

1.537 

55.30 
- 1.518- 

-•05 

A 

1*36 

U9 

-.00 

-.00 

2**47 -80.99 

4 U 126-24*. 

569. 

-- J * - 

6207332. 

796- 

3 25 h 2 i 3 , 
-09.86 

-.04 

U 8 

U.- 

1.40 

0 • - 

-.00 

-0*- 

-.00 


a**s*—S 


SMNoL: IP-Q2-|05-Mt-6 

I^ate: 7 Jun^ I 97 I 





E’v— so T |D 

V£L CA«KA R 


GRUMHAn 2*5 STAGE 
" ~28.~s~0rCr. INCL 


THROTTLED TO 3 G 


GAWK* f» 5 T 4LTXTUDC 

DEG DEG FT 


TIME VI GAHI pSr! M*CH aLP m A 
-sec rT/SEc - OEG ' DpG -i DEC" 


JaU 5?8A r 
-DEG PSf— 


THRUST 
Lff 

6 ALPHA 
PSf-OLG- 


78,53 196S.9 88,9m 89.96 93959 * 28*97 -80*97 525. 

'78.53'*' 2576,3“ 29.56 " 8o.98“"IV5l 1 ;8*» " 109*390^ Oi 


82. 9 2 2737^3 23 . 8 9 89 . 9 9 ITS* 17« Ofl 3 6 32. 07 

87.32 1757,8 9Q.H 6 9,3.01 5357a. 28*97 .80.93 979. 

8T. 32 — 2913 ,5 2 3V 0 S — 9 n“ 0 1 1 . 8 ? ”T, 05— ?0 9 1 9 Z i 0 . 

91-71 1928,3 37.9m Vyi'.OI 5 »>a 6 i* 28*97 -80*92 998. 

91.77 — 3irr*r« — Z2m 1 9 — 9 n^UZ TTT5' — “271 9 — »T3 1 9 5 • Or 

96.11 2115.9 39,60 9*i , 07 63 B 79* 2«*97 -80*39 920. 

I 96. 7l — 3310,8 — 2t.2a— 9-i709 — 27 19 — 2737 — 7F7269* — 0. 

IOC. SO 2319.2 31. 9 6 9n.l0 69217* 28.97 .80.37 388. 


S5Q , 

6238599, 

O'* 

615 • 

525* 

6260572* 

_ Q,- 

967* 

500* 

6281196. 


9 67* 

979* 

62966M, 

o. 

" 973*' 

998* 

6310386* 

— — — - «« Q 

0 * 

920* 

T B3 • 

6320599. 

— o* 

995* 

388. 

632967Q. 


, — 100-50— 3S32v2 20 , 


'7.1 * — *18699) 


109.90 2590.1 29,**a 9n.l3 7^663* 28*97 -80,39 355. 

109,90—3769*3— 19*37 — 9n*08 — 2.59- 2^80 — 525086* 0* 

109*29 2777,6 27.23 9n.l7 8020** 2«.‘»7 -80. 31 329. 

10 9-- 29 — — 9rjvi'l 2v8 1 — Jj-JT — ‘•33818* Or- 

113.69 3031,8 25,16 ?n.2Q 8 3 83G* 28.97 -80*27 299. 

113*69— 9287;*— 17*50- 9^19 — 3,05 3-3« “363100. 0*- 

118.0® 3301.6 23.29 9 n .29 9|533* 28.97 -60.23 266. 

1*18 • 0* 956 8~8 1 6 . 6 p — 9rTrt7 3 ,*2? 3 • 7 3 — 3(3 57 03 * Or- 

122.98 3586.6 21. S 9 9o,26 97302* 28*97 -8u.l9 290. 

122*98— 9863,6--l5.'7a — 9n - 20 — 3?55"— 9719 - 253998 . Ur~ 

126.87 .3886,7 20*0* 9 n ,32 103133* 28,97 -80.]9 216, 


— 126*8 ? — 5 17 2-,-2— 19 . 9 9 — 9n,'29 — 3y*; 


1.61 — 207939, 


131*27 9201,7 18. 69 9 n .37 10*>H2?* 28.97 -80. 0 ? J93. 

131*27 — 5999*6-— 19 . I 9 - 9n.27“ 9 .io — -5,! & “ 17 o 78*»*--~ Or— 

135.66 9531,1 17.98 9rj,M H«*973. 28.97 -80*03 172. 

135*66 — 5630*2—13.50 9 n ,3l— 9,3-» 5.77 193805. 0. 


697* 

6335663, 
995i 

6391 102. 

6393915. 

— 999* — 

6396766. 
999 • 

6399&51, 
993* 

6351626. 
-993* 

6352809. 

- 99jJ 


6353995 , 

- 9«-3* — 


>;v i 









GrLMrAn 2*5 STAGE THROTTLED 

70 3 0 





FINAL GUIDANCE 7 

• 

— fTo — SO X - ton 2e.^~0£8. — INCL 

— 

— 



- 

CASE-l-H-2” — 


-- - — • 

tire 

VEL 

GAHhA 

P 3I AtTlTUCE LAH tad 

W0AR 

THRUST 

SLIGHT 

tHETa 

CHI et* 

DCHI 

OETa 

sec 

pT/5E^ 

DEG 

0£G "FT~ - OEG deg~~ 

“ P5F- — 

- L8 

V- u 


“OEG OEG 

DEG 

deg 

T I HE 

VI 

6**1 

PS 1 1 HACK ALPhA D r *»G 

LIFT 

Q ALPHA 

PS18AR 

Lc n G ACCEL JE 7 T JeTfUeL 


sec- 

t-T/SEc' - 

~OEG - 

OrG 0£G LB 

- -ui — 

PSF-OfcG ' 

- DEG 

G 

” ~ — ' 


- - -- • - - - 

140.06 4874.7 

16. 4 Z 

**0.4 6 12-‘99 4. 28.47 „79,97 

153. 

6355199. 

2245138. 

22.92 

-.01 6.49 

-.ao 

-,02 


9n.36 -4,67 6 '. 49 1 1 9959 • 




2« 777~ 

o-.- 

— O i 


144,45 

5232.5 

15. s t 

9ri,5l l2?n9R« 2 B *47 .79.91 

135. 

6356Q06. 

2182071, 

22. B5 

-•00 7.33 

-.00 

-.02 

144,46 

— 6541.4 

12.35 

9n . 40 * 5,03 7.33 -99018. 

- o. - 

992. - 

90. SI 

2.867 

0 . 

a. 

........ _ 

148.85 

5604,5 

14,75 

9n. 57 131308. 28.47 -79.83 

1.9. 

6356221. 

2119003. 

22.08 

-•00 7.33 

-.00 

-.02 



ft** H 0 ? 1 U. 




2 .96 2 

0. 

~0i 


STAGE • 

2 










t«e.P5 

-5634,5 

1 4.75 

— 9n;S7-~— 13130B. - 2 8 «47 -79. g3 — 

-119,' 

'63--70U9.-' 

211900 

22.66 

-.00 7.91 

-.*30 

-.02 - ' i 

146.95 

6917.1 

I 1 . 9fJ 

93.^5 5,31 7.91 8G74D. 

0. 

942, 

90.56 

2.96 2 

0 . 

0 . 



— 5730y7 5? r362 J3' 5 28*4 7 -79v®tr ttHV 6267 777 s 20899*31 22.92 ".DO — “ — 7 598 «~iGa — * TOT 

150.89 7094.8 11.72 9n.48 5,46 7. 98 -73091. 0. 895; 90.59 2.96S 0. 0. 


IS2.93 5957,4 — 1 4 . T4 ~ 9n~. 62 139196. Z8.47 -79.76 — ~IOS.~ 6183701, ZU 61 Z 60 , 22.19 -.CO 8 . 0 S -.00 -.03 

152.93 7272,8 11.54 9p,50 5.61 B.C 8 6&944. 0. 847* 90.61 2.968 0. 0. 

-I T54S-47— 6t3<|- 6"~— 13.»5 9ji'.'89 T42T67* 20*47 =79*73 9 ?-i-— 609893®.- — 2032979. 21 • 96 — 8.ri“- .DO— -.0 3 

154.97 74S1.4 11.37 9^.53 5.76 8.H S9298* 0. 799. 90.64 2.97i 0. 0. 

157.01 -6312.^ — I3.5a- ~9n.67 1«S176** 28.47 - 79, 6 9 ~ 92. 6015255. 2005085. — 21.74 -.01 8,17 -.00 -.33 

157.Q1 7630.3 U«2o 9 n ,55 5.90 B.l 7 53144, 0. 753* *0*67 2.97} 0, 0. 

— 1-59. t * 5 - 64 9Py3— 1 3 . 3 T — 9<r;70 l^TT* — 28.47 — -79-65 86 . 593271s* 1977572. 21*53 -MH 8.22 -.00 -.03 

159.05 7809,6 1 I.O 3 9n.58 6.0c; B.22 47841. 0. 707i 90,69 2.976 0. 0. 


161.08 

161.08 

— 6668,7 — 
7989,2 

13.06 

IO.87 

9 n .73- 

9n,60 

~ 15127 2* 

6.19 

- 28.46 
8.25 

- -79,61 - 

43641. 

— 80. — 
0. 

58SI3L4. - 
662; 

1950435.- 

90.72 

21.32 - 
2.978 

-•01 

0, 

8.25 

-.00 

0, 

••03 

163* ]2 

T . 3 l t < - 2 rn • ' 0 

3169,2 :0.7 2 9 n .63 

6.34 

8.26 

39736. 

0. 

6 I 7 • 

90.75 

2.979 


0. 


0. 


■ — ) 65 . 1 6 

7026,8 

12.5? 

' 9 n . 7 8 - 

157469* 

28.46 

-79. S 2 - 

- 63. 

5691806, 

1097269, 

20.92 - 

-•01 


8.33 

-.00 

-.03 

165,16 

0349.6 

IO.67 

9n.6ft 

6.49 

8.33 

32703. 

0* 

526. 

40*77 

2.983 


0, 










59 









167.23 

8530 ] 3 

10. 4 2 

9n.68 

6.66 

9.33 

29814. 

a. 

491 • 

90,80 

2.964 


0. 


0* 

169.24 

7386.4 

12.14 


16376J * 

28.46 

-79.44 

55. 

5536635. 

104S545. 

2Q.47 

-*01 


8.32 

-.00 

-.03 

169.24 

9711,3 

10. 2s 

9 n . 7 1 

6. P.3 

8.32 

2 7 0 4 y » 

0 • 

458* 

40.8 3 

2.985 


0. 


0. 


J7 1.28 

■ - 7 566,-7— 

11 * v 3- 

-9n.87— 

' 1**947* 

— 78 • 46 

-.79.39*- 

SJ . 

5460634- 

- I 02L-2 l 1 

— 20 • 25 — 

-•01 


8.31 

-•00 

-.03 - 

171.20 

9092,5 

10.13 

9n. ?4 

6.99 

H.32 

2 4456 . 

0. 

42b* 

40.3 6 

2.987 


0. 


0. 




U6 t strip L -mi 


GrUHman 2«5 STAGE 


THKQTTLEO TO 3 g 


— gT— so x~\Un 


2 5 , e, jj INC! 


T I ML VEL r>A«HA P«;! ALTITUDE MH T*u 

-sec r*/5Ec deg oes FT OtG deg 

TIME VI G*mj pStI h*CH A«-Ph* qRAG 

- SEC fT/3Ec DEG— Of 5 ~ ~~ L8 

173.32 7797.3 11,7} 9n.9l 20.96 -79.3*4 

173r32“ 9079.1 lOiOQ” 9*. 77 7. 7* B*3ET 2T0S9* 

175.36 7928.3 U.5«t 9r*,99 173367* 2»*96 -79.27 

175.36 * 925S;9 ~ 9.85 ~9n.8o ~7.3«; B.2 9 19869. 


ITT *90 — 7938-. 0 9 . 7 3“9nT9 J 7 75* 6 • 2 7 l“7 857 • 

179.99 8290.9 1I.1& 9f.00 179*73* 2®*96 -79. 

I79.9 4 »--9620i*r— 9^6o “ 9,5.36 — 7,7 9 8.2**- 15965. 


«BAR THRUST 
— t*SF — tB 

LIFT Q ALPHA 
- Ltt PSF-OEG 


t«lT*rS — 9?03 vi 


^0 9?iT89 — 8“.‘CT0 5V* 


JBJ*b 4 tU.“l Y,.U/ 

1 —133.52—9985.8 — 9. 3s~ 9 3 ;9Z~ 5, 22 8V1* 13153. 


i 185 . 56 — r 01 *^ 4 


• *3 — 9nT^ 


-BTl2 TO 5 a 


1 

* 29 

~ 0. 

9H 


G. 

19 

39. 

19 

Oi 

36 

O’ 

33 

03 

31 

0 


stage « 9 

-“185.56— 8837V0 101*9 TfTlO 139775'* 2 3 *8* - -79. oT 

185.56 ,0168.9 9.2a 9fJ. 9 5 8.9S B.O** *4620. 


189.20 ,0306.7 0.8*1 9, .01 8.6a 7.81 3788, 

1 92 ■ 89 9 1 l i-; 9 9 ,-7 q —9 \\ 23 20 r305 • 2« *95 »78 . g9— 

192.89 ,0997.3 8.9 5 9,.07 8.92 7.5? 3092. 

196.^8- — 9252-^8 9.2s — 9fi29 20^07* 28.95— -78, 73— 

196. *48 ,0590,6 8.O7 9, .13 9.16 7.8* 297 1. 

— — 200*12 - 9397,0 8.0 1 9rj36 21 2T3T» — 2**95- --78,63— 

200-12 ,0736.5 7.7 3 9, .18 9.91 8.03 2009. 

203^76 — 9593,9—0.38 — 9,^2 217293* — 2**95 — -78.53- 

203*76 ,0885.0 7,39 9,.29 9,6* 8.23 ,63b. 

20*«90 — 9693*5 3**7 9T.-99 2222*1 ,—28,99— -78.*, 2- 

207.90 ,1036.2 7.0q 9, ,31 9.92 8.91 1332. 

2 H *09 — -9895,9 7. 5 7— *? , *5 6 22736*. 28,99— -7 8. 31 - 

211. C** ,1139.9 6.6 6 9, .37 I 0 . 1 7 8.57 I I 1 ^ * 


-38. 1317809, 

0. 1 39 <• 

-IS.— 1317816, 
0. 119* 

-12*— *317823. 
0. 102* 


9. — 13178J6< 

Q. 75 i 






FINAL GOIOaNCE 7 



T L6r 3 T *n\C L 
9-TW-^b-50*|ST: 




Grumman 2*5 stage 
- E T T“ 5Q“X‘10H 2b, 5~DE g . *NCL— 


THROTTLED TO 3 G 


time VEL 

GAMMA 

P 4 I ALTITUDE LAfl 

TAU 

W 8 AR 

THRUST 

—SCC - pTySEc* 

"DEG 

DEG Ft" OtG 

DEG 

— PSF 

LB 

TIME VI 

g ahi 

PSfl HACH aLPhA 

drag 

LIf T 

Q ALPHA 
PSF-OEG 

SEC pT/SEfc— 

- OEG~ 

DrS °EG 

— L 8 

— U B 

219. *8 10001 ..Q 

7.19 

9, ,62 23 , 707 . 28.99 

- 7 B .20 

7 . 

1 1 1 7892 , 

214 . 6‘8 “Tf 39 673 " 

6 . 33 “ 

9 « , 9 J *J 0 , 4 ^ 6 . 7 * 

- 939 . 

0 . 

65 * 

210.32 , 0158.9 

6 . 8 2 
— 6 . 0 Z 

9 1 . 69 236100 * 20*49 

- 7 B . 09 

a a . 

6 . 

1 1 n — - — 

1317898 . 
— S 6 i 

218*32 11505 . 4 - 

9 99 I 0.74 R .84 ' 

7 ” 0 • 

0 • 

221.96 10319.6 

6 . 9 * 

9, ,76 290997 * 28.93 

- 77.97 

5 . 

1317854 . 

Z 2 TT 96 -“jTS$ 77 Z" 

5 . 7 T 

*i.S 6 n .02 a .’ 5 

677 , 

u. 

98 . 

225.60 10903.1 

6*12 

9 f ,03 294636 . 20*43 

- 77.86 

5 . 

1317859 , 

225 .- 60 - 11831 . 8 " 

~ S .42 

4,762 n . *3 r 9 ; 05 

“578 • 

0 . 

_ q, , 

229.29 JJ 699.5 

5.79 

9 , , 9 q 24 r.A?a, 28*93 

- 77.79 

9 . 

1317065 . 

— 2 2 9 * 24 —j 1 9 9471 “ 

5 vfj- 

— 4 ,T 69 ~nv 6 i vrrM 

-«f 95 i 

0 . 

36 • 


, 232.88 ,ueia ,7 

— 232.88— ,2i *9,2- 
a 

4 

23&. S 2 ,0990.8 
l — 236*52— j -2 34 2; 3- 

280.16 | U66.1 
29 0 . 16-7 25 1 8.2- 

293.60 11399.9 
2 <«. 80 -r 2697 T ; 

297.89 ,1525.7 
297.99-1*879. 

251.08 *4710,2 
25 U08— T3CA9.-2- 


5.97 9, . 9a 2S285J. 28*92 

-9,0$ -~9f ,76 T*-*T “9.20 


- 77.6 2 3 . 131787 Q. 

' 426 . 0 .~" 31 * 


5. »6 97.05 256127* 28-92 -77. 

-4,5? — 9 j ,-02- l 2.2r *v* 3 368. 

**. a 6 97.1 2 25968q. 20*92 -77. 

-4V 3 9 9 f . 8 9 T* • S 3 9.2& 3l9. 

4.58 92.20 263"18. 2 a .8l -77. 

r.96-r2.83 9;2* 306* 


9 . 3p 97.27 266238* 28.91 . 

-3.8S “ 92,03-13, 04 9.26 2*9. 

9.09 97,35 269311 • 20*90 - 

“3,62 9?Ttl — 1^ r?5 9.29 229 • 


259,72 11897. 8 
259, 7Z 13252.4 

256*36 i2088.8 
258.36— J3443.E 

262. QO 12283.0 
262.00 13636.5 

265.«9 ,2430.6 

263.64-, 3636,6 


3.7e 97.93 272239* 28*90 -76 

3,39 97. 18 l3.«*i 9.2* 201 

3,S*t 97 . Sj 275023* 2«*39 .76 

-3*4 B-- — 9 7 , 25 — I * 3 *6f 9-*T 8 1-7-7- 


3 .3o 97.59 277667* 28*39 .76 

2.97 97,33 13.9-1 - - 9. 19 ,58 

3.07 V ? ,67 290 J72* 2 a »38 .76 

-2,77 9 7.4Q-1**, 12 9.09 j»4, 


50 

o' 

1317875. 

37 

3. 

1317800. 




25 

2. 

1317894. 




I 2 

2. 

1317080. 




99 

2. 

1317892. 


Or 


86 

2. 

1317896. 


— 0 . 

15. - 

73 

1 * 

1317VUD. 




59 

1 * 

1317904. 

' 

0. 

LI* 

,95 

1 . 

1317907. 

— 

-a* 

IQ. 


SifefeWSi ie ■ 




- .,v> a 


FINAL GUIDANCE 


7 


CASg- l-H -2 

HEIGHT t h ETA CHI ETA DCHl BETA 

LB DEG DEG DEG DEG DEG 

PSIBAR LO*G ACCEL JeT T JETRUeL 


— DEG 

G - 







892124, 

15.90 

-.02 


8.71 

-.aa 

-.03 


“9J * 61 

— 1 .47 6"' 


TTV" 


— o.“ 



881394. 

15.66 

-.02 


8.84 

-.00 

-.03 


— 91.68 

1.494 


0. 


o. 


1 ; 

070563. 

15.42 

-.02 


8.95 

-.00 

-.03 


91.75" 

”1.513“ 


Oi” 


D7~ 


— 

059782. 

15. 17 

-•02 


9 . as 

-.00 

-.03 


— 91.82 

1.532 


0. 


0. 



04900 I . 

14.92 

-•02 


9.14 

-.00 

-.03 

4: 

— 91,89 

1 .55?“ 


0 . 





BJ8221 , 

14.67 

-.02 


9.20 

-.00 

-.03 


9 |,96 

1.S72 


0. 


0. 



82744Q. 

14.39 

-.02 


9.23 

-.00 

-.03 


~ 9 2.03 

~ 1.592 


ur 


— 0. 


~ i . 

816659, 

14.11 

-.02 


9,25 

-*0Q 

-.04 


-42.10 

1.6 la- 

— 

0 . 

- 

0. 


‘ ”7“ 

805879, 

13. 84 

-.02 


9.26 

-•00 

-.04 

_ 

—92* 18 

“t .635*"* 




— 0 i — 


<r 

C ^ 1 

795099. 

13. S6 

-.02 


9.26 

-.00 

-.04 

.. ol 

• 

— 92.25 

1.657- 

— 

0 . 

. .. 

0 * - ■ 



784317. 

13.28 

-.02 

n 

9.24 

-.00 

-.04 

■~ 5 to 

92.33 

— 1 .600 — 


uT 


Ov" — 



773537. 

13.00 

-•02 


9.22 

-.00 

-.04 

p (V 
(B * 

- 92.40 - - 

1-703 


0 , 


0 . - - 


O 
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PROBLEM STATEMENT 


Establish the velocity requirements for the orbiter vehicle to obtain the four 
specified low perigee orbits. 

RESULTS 

The velocity requirements for the orbiter vehicle to attain the desired 50 x 100 nm 
elliptical orbits are shown in Fig. 1. Results show that both orbit er-inclinat ion 
and injection-latitude have an effect on perigee-injection velocities, when consider- 
ing both vehicle drag and earth oblateness in performance analyses. 

AFFECTED WORK STRUCTURE BREAKDOWN ELEMENTS 

Ascent performance requirements. 

ASSUMED CONDITIONS 

The vehicle assumed in this study is the orbiter stage of a two-stage (with external 
droptank on orbiter) space shuttle configuration. Figure 2 shows ballistic zero-lift- 
to-drag data for the vehicle based on a planform area of 5,747 ft 2 . At altitudes be- 
low 40 nm, the vehicle is assumed to be in the continuum flow regime with a (constant) 
hypersonic drag coefficient of 0.022. Above 80 nm, a free-molecule drag coefficient 
of 0.5 is assumed. Between 40 and 80 nm, the vehicle is in a transition drag region 
with drag coefficient varying from the hypersonic value of free-molecule conditions. 
The transition drag curve is based on an expansion obtained from Ref. 1. 

Four nominal orbits, with injective conditions as listed in Table 1, were used in the 
study. Perturbations about these orbits included changes in vehicle weight, injec- 
tion velocity, earth oblateness, and vehicle drag. 


Table 1 

ASSUMED NOMINAL ORBIT CONDITIONS 



0HBH 

? CASE 1 

1 

2 

3 

k 

LAUNCH SITE 

ETR 

ETR 

ETR 

WTR 

PERIGEE ALTITUDE (nm) 

50 

50 

50 

50 

EARTH LONGITUDE (deg) 

68.27W 

71.83W 

81.19V 

123.. 25W 

EARTH GEOMETRIC LATITUDE (deg) 

27.75N 

36.92N 

16.65N 

22.83N 

INERTIAL VELOCITY (fps) 

25,856.1 

25,856.1 

25,856.1 

25,856.1 

AZIMUTH (deg) 

96.73 

45.85 

180 

180 

PLIGHT PATH ANGLE (deg) 

0 

0 

0 

0 

ORBIT INCLINATION (deg) 

1 

28.5 

55 

90 

90 

i 
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DISCUSSION OF RESULTS 

Orbit trajectories were generated using the three-degree-of-freedom point mass com- 
puter program developed by LMSC (Ref. 2). The program incorporates an oblate earth 
and a time-dependent atmospheric density model (Ref. 3 ). The drag coefficient versus 
altitude is presented in Fig. 2. Results of this study are presented in Figs. 1 and 
3. 

Figure 3 shows variations of apogee altitude with vehicle weight for three orbit con- 
ditions - namely: ETR-launched trajectories with orbit inclations of 28.5 and 55-deg 

and a 90-deg inclined-orbit launched from WTR. Note that apogee altitude increases 
with vehicle weight indicating a corresponding decrease in relative drag effects for 

heavier vehicles. 

In reviewing the effects of inclination angle on apogee altitude, the added effects 
of earth rotation and specific orbit injection locations relative to an oblate earth 
must be considered. For the unique cases considered herein, orbit injection perigee 
conditions for a 55-deg inclined orbit result in the highest apogee altitudes (Fig. 3). 

Figure 1 shows the effect of perigee (injection) velocities on apogee altitude for 
the four 50 x 100 nm orbits. The data assume a constant-weight vehicle (318,864 lb) 
oriented at a constant-zero angle-of-attack. The perigee velocity range considered 
is from 25,856.1 to 25,930 fps. 

As before, the 55-deg inclined-orbit attains higher apogee altitudes than either the 
28.5 or 90 deg orbits at corresponding perigee velocities. The apogee altitude 
differential between the 90-deg inclined orbits is due to differences in orbit-in- 
jection latitudes (16.65 deg N for ETR launch and 22.83 dqg N for WTR launch). 

The effects of drag and earth oblateness are also shown in Fig. 1. Assuming both a 
zero-drag vehicle and a spherical-rotating earth, an apogee altitude of 106 nm is 
attainable for all cases indicating an independence to inclination. .Adding drag to 
**. vehicle orbiting a spherical-rotating earth clearly shows the effects of orbit 
inclination on apogee altitude. For lower inclination angles, the vehicle receives 
maximum benefit from the earth's rotation vector, and apogee altitirie is highest for 
a given perigee velocity. As inclination angle increases, the effect of earth rota- 
tion decreases, reducing the attainable apogee altitude. 

Finally, the case of a zero-drag vehicle over an oblate earth shows the effect of 
injection latitude on the orbit altitude. The more northerly injection of the 55-deg 
inclined-orbit results in a radius vector-velocity combination at perigee which re- 
sults in thej-oveat apogee altitudes of the orbits considered. 

To date, most space shuttle operations have considered injection at perigee of a 
50 x 100 nm transfer orbit before circularizing at 100 nm. Figure 1 and Table 2 
show the required perigee inertial velccity as a function of orbit inclination to 
to achieve the desired transfer orbit. 

















Lockheed Missiles & Space Company 


Space Shuttle Project 


EM NO: L2-02-05-M1-7 
DATE: 1 June 1971 


Table 2 

PERIGEE VELOCITY REQUIREMENTS FOR 50 x 100 NM ORBITS 


LAUNCH 

SITE 

ORBIT 

INCLINATION 

(deg) 

PERIGEE 

VELOCITY 

(fps) 

ETR 

28.5 

25,892 

ETR 

55.0 

25,879 

ETR 

90.0 

25,883 

WTR 

90.0 

25,887 
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PROBLEM STATEMENT 

It is desired to know what external LHo tank fineness ratio provides the best 
performance potential based on the configuration presented in Reference ( 1 ) . 

RESULTS 

The analysis shows that if the tank fineness ratio could be increased from the value 
of six as indicated in Reference (1), the system performance would improve. For 
example, a tank fineness ratio of about S:1 would result in a payload increase at 
perigee injection of about 500 to 600 pounds. A 1-1/2 to 2 percent reduction in 
composite dreg coefficient is also derived by reducing the forward cone half angle 
from 24 ° to 15°, but this effect is not included in the above payload increase. 

AFFECTED WORK BREAKDOWN STRUCTURE 


Orbiter 

Orb iter External LHg Tank 


The following assumptions apply; 

1. The tank configuration is shown in Figure 1 and the dimensions vary as 
shown in the curves. 

2. The volume is constant at 10,300 cubic feet. 

3. The composite vehicle drag coefficient varies according to the curves in 
Figure 2. 

4. 55 s orbit inclination 

5. Internal pressure designs the tank wall with a maximum pressure of 33 psig 
DISCUSSION 

The weight effects of varying tank fineness ratio were analyzed for four primary 
weight (performance) contributors; (1) The tank weight, (2) the insulation and 
T.P.S. weight, (3) the tank/orbiter support structure weight, and (4) the effect 
of composite drag coefficient. These four contributors were then combined to show the 
effect on injected payload. 

The tank system weight variation is shown in Figure 3. The weight variation is 
slight and reduces as the tank diameter increases. The variation of the associated 
tank support structure is presented in Figure 4. The support structure variation 
has the least effect of any of the contributors. 

The insulation and T.P.S. weight variations are presented in Figure 5. The chart 
presents weights for two conditions j for ascent protection only and also for intact 
entry protection. The bottom curve on the graph show® the variation of orbiter T.P.S, 
weight with tank fineness ratio. 
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Figure 6 shows the relationship between tank diameter and fineness ratio for the 
fixed volume. 

The composite effect of the foregoing weight variations is shown in Figure 7. The 
dashed line shows the effect on payload of the tank fineness ratio when only the 
ascent insulation and T.P.S. is considered. The solid line indicates the variations 
when the tanks are protected for intact entry. The boundary at a fineness ratio of 
eleven is approximately where a transition occurs from design for interned pressure 
to design for in-flight bending loads. At this tank volume, however, a ratio of 
about 12.5 is physically practicable with regard to the Orbiter interface. By re- 
ducing the cone half and to 15 degrees, a reduction in composite drag coefficient 
of about 1-1/2 percent is realized. This amounts to payload increase of about 
250 pounds. 

CONCJ/JSI Qh 


Two basic conclusions are derived from this analysis: (1) the fineness ratio for 

the Orbiter external tank should be as high as possible, and (2) secondary benefits 
are derived from shallow forward cone angles. 
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PROBLEM STATEMENT 

Interference forces/ moments due to adding LHg external droptanks to the orbiter 
vehicle are of the same order or greater than farces of the Isolated tanks them- 
selves. Alleviation of these interference forces through tank positioning, geo- 
metry changes, and tank-orb iter fairings, can reduce these characteristics sign! 
ficantly. Wind tunnel tests have been conducted by NASA in the Ames 6 ft x 6 ft 
test facility to measure these characteristics and to determine effects of tank 
position and fairings. These Ames test results (Ames Tests 66-551/ 66-546, and 
66 - 561 ), have been briefly analyzed and the results summarized herein. 


DISCUSSI ON 

LH 2 external droptanks tested on the ascent configuration in the Ames 6 ft x 6 ft 
facility are shown in Fig. 1. In addition to tank fairing, the effect of moving the 
T 2 conical tank to an aft loiiselage position was also determined. 

Figure 2 shows drag contribution of the composite ascent vehicle (including tanks), 
drag of orbiter plus tanks (in presence of booster), and drag of orbiter without 
tanks in presence of booster. This figure gives a feeling for the relative magni- 
tude of the drag of major components of ascent vehicle. Figure 2 also shows percent 
reduction in composite vehicle drag due to moving the bi-conic Mg tank to an aft 
fuselage position and also due to fairing the tank nose when in the forward fuselage 
position. These results are all based on NASA Ames tests 66-551, 66-546, and 66 - 561 . 
It can be seen the drag of the tanks plus mutual interference is of the same magni- 
tude (or greater) than the orbiter itself. 


Figure 3 gives a breakdown of the drag of, and due to, the bi-conic (forward mounted) 
tanks. The total axial force increment ’due to adding the tanks of the orbiter is 
designated as: 

(T + Tgy + Bip + Wrp) 

where: 

T ■ Contribution of isolated tank (free body) (no interference effects) 


■■ ■►Axial force auting on tank due to presence of orbiter 
Bj, ——►Axial force acting on orbiter body due to presence of tanks 
Wj, ► Axial force acting on orbiter wings due to presence of tanks 


Forces on the tank in presence of the orbiter (T + T^y ), were measured by a separate 
balance in the tank, with the tank supported entirely by a separate sting. Tanks 
plus total interference effects (T + Tfiw + + Vfr) were obtained by subtracting the 

axial force of the composite vehicle without tanks from the composite vehicle with 
tanks. 

(BOT - BO) = (T + Tg W + Bt + Wp ) 
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Isolated tank axial forces were analytJ ■ 1 ly estimated (See Reference l). 

At Mach 1*2 it is seen that the total installed tank drag is 3.2 times the drag 
of the isolated tanks. 

Figure 4 shows the effect on installed tank axial force due to a fairing over the 
biconic nose and due to locating the tanks farther aft. The interference effects 
of the tanks on the orbiter, i.e., (Bj + W?), are seen to be of the same magnitude 
as the forces on the tanks, T + Tbw* The effects of the nose fairing have the major 
influence on reducing the drag of the tank, T + Tgy, and a smaller effect on reduc- 
ing the interference drag of the tanks on the orbiter, B»p + Wip. Moving the bi- 
conic tanks to an aft fuselage position reduces tank drag (T + Tbw) b y 23 percent 
of Mach 1.2. This is most probably caused by movement of the tank nose away from 
the inf 1 ence of the high pressure field of the orbiter nose. The fairing over the 
conical nose reduces drag of the tank (T + Tgy) by 42 percent at lfcl.2. 

Figure 5 presents estimated axial force characteristics of the isolated tanks as a 
function of tank fineness ratio and Mach number. The analytical approach for ob- 
taining these results is described in Ref. 1* Also shown in Fig. 5 is a bar graph 
indicating the drag reduction potential of the composite ascent vehicle due to LH 2 
tank position, geometry, and fairing. A combination of: 

• Aft fuselage position 

• Tank nose fairing 

• Increased tank fineness ratio 

could potentially reduce ascent vehicle drag by more than 11 percent. 

Figure 6 presents test results showing the pitching moments and normal force con- 
tributions of, and due to the LH 2 tanks. The tanks themselves (T + T^y) do not 
have a large effect , however, the interference effects on the orbiter (Bp + Wj ) 
are seen to be significant. Because of the positive normal force increment and 
the negative pitching moment increment these interference effects apparently are 
acting over the orbiter wing in the region of the tank base. Movement of the tank 
to an aft position would possibly reduce or eliminate this effect. It should be 
pointed out that on the composite ascent vehicle, this interference effect is 
distabilizing since the orbiter is mounted forward of the booster eg position. 


Effect* of drag increment on a payload are shown in Figure 7 as a function of 
orbit inclination. The variation 3 PL is seen to be fairly linear, showing 

approximately 250 lb payload loss per percent drag increase. The 5 percent drag 
reduction due to a fairing over the tank nose (see Fig. 5) would thus give a 1250 lb 
payload increase. The added weight from the fairing would of course subtract from 
this payload benefit. These results were obtained by relating the change in orbit 
injection weight as a function of tank fineness ratio (Ref. 2) to the change in 
ascent drag as a function of tank fineness ratio, Ref. 1. 
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PROBLEM STATEMENT 

It is necessary to provide parame tries for a gas generator separation device with an 
estimate of the probable deviations at separation* 

RESULTS 


Parana trie data are presented for separation time, piston size, gas generator pres- 
sure, translation distance and angular deviations, 

AFFECTED WORK BREAKDOWN STRUCTURES 

Orbiter 

Orbiter External Mg Tank 
ASSUMPTIONS 

The following assumptions apply: 

1. Tank weight = 10,390 lb 

2. Two separation devices per tank (fore and aft) in the attach struts 

3. Effective working pressure = 1,000 psia. 

DISCUSSION 

The baseline mechanical separation system consists of two gas generators w h ich 
operate separate pistons in the forward and aft attachment struts. The struts are 
physic ally separated from the Orbiter, after which the gas generators are simul- 
taneously ignited. The gas pressure forces the tanks away from the Orbiter at the 
desired acceleration level. After physical separation is competed, the tanks are 
allowed to translate away from the Orbiter to a predetermined distance at which time 
the tank retro rocket is fired to expedite tank entry* 

The separation load factor as a function of piston diameter for a constant pressure 
of 1,000 psia is presented in Figure 1* The piston diameter is for one of two pistons 
but the acceleration is for two devices operating concurrently. A piston diameter of 
about six inches appears to be near the maximum to be compatible with the separation 
strutB. Two six-inch pistons will accelerate the tanks at about 5-1/2 g's. With the 
residual ullage pressure, the tank can sustain a lateral acceleration of about 8 g's. 

The time to achieve separation versus the piston stroke with the piston diameter as 
a parameter, is presented in Figure 2. An arbitrary lower boundary for a piston 1/d 
of 3 is indicated on the graph* This shows that separation can be completed in 
0.2 second for six inch piston 42 inches long* This was used in subsequent analyses. 

The separation velocity-time relationship for various piston diameters is shown in 
Figure 3. The chart indicates a separation velocity of 35 F.P.S. for a six inch piston 
at 0*2 second. 
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The translation distance is a function of the energy imparted to the tanks and the 
time involved. Figure 4 shows that the tanks will translate radially away from the 
Orbiter to a distance of 70 feet in two seconds for an imparted energy of 2*38 million 
pound-inches. 

The angular deviations of the tank at the instant of separation were also analyzed. 

For the specified gas generator-piston arrangement and a separation interval of 

0.2 second, Figure 5 shows the variation of tank rotation angle and rate as a func- 
tion of gas generator pressure deviation. The indicated angle and rate at zero AP 
results from deviations of the tank C.G. and piston area. Figure 6 shows the RSS 
pressure deviation as a function of RSS grain temperature deviation for several 
combustion pressure variations. Included in the RSS pressure deviation are the 
effects of grain variations and piston efficiency. The previous two figures are 
combined to generate Figure 7 which shows the rotation angle and rate deviations as 
a function of differential grain temperatures for various pressure deviations. This 
graph indicates that the angular rate may present a problem with regal'd to retro 
attitude. Lover separation forces would result in lower angular deviations, but 
the corresponding translation times would be greater. If the angular rate at sepa- 
ration proves to be a problem, further optimization analyses are in order. 

REFEREWQES 


1 . "Alternate Space Shuttle Contract Study - External Hydrogen Tank Orbiter - Heat 
Sink Booster ,« March 1971 Review. 

2. "Rocketdyne Solid Propellant Gas Generators," BC 60-32, Rocketdyne , a division 
of NAR. 
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To provide mass property data for the Orbiter external' tank Intact entry analyses. 


RESULTS 


Weight data, center s-of-gravity and mass moments-of -inertia are provided, including 
estimated mean values and RSS deviations. 


AFFECTED WORK BREAKDOWN STRUCTURE 


Orbiter 

Orbiter ascent LH 2 tank 


The following assumptions apply: 


1. LED) tank volume is 10,300 ffcr (each) 


2, Tank would be tumbling during entry 


3. T.P.S. shall be sufficient to sustain intact entry 


4. Dry weight growth is 10 percent 


5. Ancillary hardware may be jettisoned, as necessary. 


6. The tank is 2219 


o 

7. The cryogenic insulation is spray-on foam (2 lb/ft ) 

8. The ablator for interference heating and intact entry is 30 lb/ft cork 


DISCUSSION 


The estimated weight summary for a liquid hydrogen tank protected for t umbl i n g intact 
entry is presented in Table I. The tank configuration is shown In Figure 1. 


The longitudinal and lateral oenters-of-gravlty for various conditions of tank sepa- 
ration and retro are presented in Table II. Figure 2 shows the lateral C.G. coordinate 
arrangement, estimated mean values and RSS deviations baaed on probable variations of 
the position and weight of the tanks system elements. 


Mass moments-of-inertia for various separation and retro conditions are presented in 
Table III • The values shown are estimated means with RSS deviations based on probable 
system weight and position variations. Tbs product-of-inertia is negligible because 
the lateral C.G. displacement is small. 
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Table I 

TANK WEIGHT SUMMARY* 
(Intact Entry) 


1 . STRUCTURE - TANK 

1.1 FWD H/S DOME 


600 

1.2 FWD CONE 


40 

1.3 CYLINDER 


2,960 

1.4 AFT DOME 


320 

2. STRUCTURE - ATTACHMENTS 

2.1 FWD 


180 

2.2 AFT 


460 

3. INSULATION AND T.P.S. 

3.1 FWD H/S DOME 


30 

3.2 FWD CONE 


1,050 

3.3 CYLINDER 


1,350 

3.3.1 CRYO. INSUL. 

260 

3.3.2 ABLATOR 

900 


3.3.3 INSUL. SUPPORT 

190 


3.4 AFT DOME 

170 

3.4.1 CRYO. INSUL. 

70 

3.4.2 CORK FOR ENTRY 

100 


4. SEPARATION DEVICES (45# EA.) 

5. DEORBIT 

5.1 RETRO ROCKET 


290 

5.1.1 INERTS 

40 

5.1.2 PROPELLANT 

250 


5.2 SUPPORT 

130 

6. PROPULSION 

6.1 PLUMBING 


170 

6.2 FWD DISCONNECTS, VALVES, ETC. 


200 

6.3 AFT DISCONNECTS, VALVES, ETC. 


610 

7. CONTINGENCY ( 1056) 


EMPTY WEIGHT 


8. FLUIDS 

8.1 LH 2 RESERVE (NOMINAL) 

8.2 RESIDUALS (NOMINAL) 

8.2.1 ia 2 

8.2.2 GHg 


260 

140 


480 

400 


SEPARATION WEIGHT 


^Single tank 
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3,920 

640 

2,600 


90 

420 

980 

860 
( 9,510) 
880 


(10,390) 
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DROPTANK CENTER-OF-GHAVITY 
(Ref. Dvg. SKT 100703) 
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AXIA L (X-AXIS) 
MEAN 


C.G. STATION 
+ DEVIATION 


- DEVIATION 


SEPARATION 


Including attaching hardware, 
p- -ibing and retro-rocket 


RETRO 

1 . 


Pre -ignition — before hardware 
jettison with LHg forward 

1003 

983 

1023 

Post retro - before hardware 
jettison with LHg forward 

1012 

992 

1032 

Post retro - spent rocket, 
attach, plumbing jettisoned 

974 

955 

994 



RETRO 



MEAN 

DISTANCE 

ANGLE 

10.8" 

421.6° 

4.6” 

(INBD) 

- 1.5° 


+ DEVIATION 


DISTANCE 


12 . 2 " 


6 . 1 « 

(INBD) 


ANGLE 


423.2° 


- DEVIATION 


DISTANCE ANGLE 


9.5" 



+19.5 


3.4" -11.2* 

(INBD) 
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Table III 

DROPTANK M.O.I. SUMMARY 
(Ref. Dug. SKT 100703) 


SEPARATION 

pitch/yaw 

(LHg not oriented) 
ROLL 

238,000 slug ft 2 (+ 7,500) 
10,500 alug ft 2 (+ 500) 

RETR0/5NTRY 


1 

o 

E-» 

a 


PRE-IGNITION 

2 . 

(With Hardware and Iflg Fwd) 

243,500 alug ft (+ 11,000) 

POST RETRO 

o 

(With hardware and Fwd) 

230,000 slug ft* (+ 11,000) 

ENTRY (Hardware Jettisoned) 

138,500 elug ft 2 (10,500) 

ROLL (Hardware Jettisoned) 

8,400 slug ft 2 ( 400) 


REFERENCES 
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PROBLEM STATEMENT 

It Is desired to provide parametric data which may be used in the sizing and estab- 
lishment of requirements for the Ifig tank retro rocket. 

RESULTS 


Retrorocket parametric data are provided for velooity requirements ranging from zero 
to 300 f.p.s. based on a tank weighing 10,300 pounds. Tanks of different weight can 
be accommodated by proportioning the dV requirement and the weight. Parametric 
curves which relate propellant to aV; thrust to throat diameter; rocket length to 
throat diameter; and impulse deviation to AV are provided. 

AFFECTED WORK BREAKDOWN STRUCTURE ELEMENTS 

Orbiter External Tank 

ASSUMPTIONS 

The following assumptions apply: 

1 . Retro rocket is solid propellant with a sea level standard speoifio impulse 
of 245 seconds at optimum expansion ratio. 

2. Chamber pressure is 1 ,000 psia. 

3. Bum time is 5 seconds • 

4. Rocket efficiency is 0.95. « 

5. Grain temperature coefficient for pressure and bum time is 0.1% per r. 

6. Tank waight is 10,300 pounds. 

7. Port-to-throat area ratio Is 1.44. 

8. Bum rate is one inch per second at 1,000 psla. 

9. Propellant density Is 0.0625 lb per oublo inch. 

10. Volumetric efficiency is 90 percent. 

11. The nozzle is contoured end case ends are V 2 ellipsoids. 

12. The case diameter and the nozzle exit diameter are equal. 

DISCUSSION 

Figure 1 shows the variation of propellant weight required to achieve desired velocities 
J, or selected nozzle expansion ratios. The corresponding delivered thrust is presented 
in Figure 2 as a function of throat diameter with the expeneion ratio as a parameter 
and selected velocities indicated. 

In order to determine a rocket size which is consistent with the above parameters, it 
may be necessary to Iterate through the curves to achieve the desired results. The 
curves were derived on the premise that the case diameter and the exit diameter are 
equal. For example, if the required velooity la 230 f.p.a., it will be observed that 
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a rocket with either a 25:1 or 16 :1 expansion ratio is not consistent but an interim 
expansion ratio of about 18:1 is acceptable for sizing purposes. This would have a 
diameter of 14*2 inches, as indicated in Figure 3a, 

The case length between the intersection of the ellipsoidal contours and the rocket 
centerline is shown in Figure 3b with the propellant weight as a parameter. It is 
assumed that the plane of the nozzle throat is coincident with the aft intersecting 
point. The overall rocket length parametric s (inclining the nozzle) am presented 
in Figure 3c, 

The deviation of the retro impulse as a function of retro dV is shown in Figure 4 
with the grain temperature deviation as a parameter. The grain temperature devia- 
tions are root-sum-square values in combination with chamber pressure deviations of 
five and ten percent. 

1. "Rocket Propulsion Elements G. P. Sutton, John Wiley & Sons, Inc., 1956. 
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PR0B3 


Among the Alternate Concept Study vehicles are orhiter configurations employing ex- 
ternal droptanks for storage of liquid hydrogen (LHg) for use during ascent. The 
tanks are jettisoned after orbit injection and deboosted to ensure entry and subse- 
quent impact in desired ocean locations. Obviously, overall system design must 
include a complete analysis of the droptanks to establish requirements for accommodating 
both ascent and entry environmental conditions while maintaining minimum tank weight 
for maximum storage volume. Furthermore, tank flight characteristics must be adequately 
defined to facilitate dependable prediction of tank entry trajectories and expected 
range dispersions about desired impact locations. In the event of tank breakup during 
descent, realistic fragment impact patterns must also be identified. 


In the analysis reported herein, separation and entry characteristics of a specific 
droptank configuration are investigated to provide pertinent data for detailed design 
studies. The analysis includes establishing entry trajectories from various locations 
on typical space shuttle orbits, investigating separation and deboost characteristics 
afber the tank is jettisoned from the orbiter and identifying dynamic flight character- 
istics during entry assuming various perturbations to the nominal droptank configura- 
tion. Entry range sensitivities to parametric system biases are identified and typical 
root- sum- square dispersions are calculated. Fragment trajectories following an assumed 
breakup at various points along the droptank trajectories are also generated for a more 
definitive impact envelope analysis. Both three degree- of- freedom (3D) point mass tra- 
jectories and six degree- of- freedom body raotion/trajectory simulation techniques were 
used in the study to define droptank separation deboost and entry characteristics for 
analysis. 


AFFECTED WORK BREAKDOWN STRUCTURAL ELEMENTS 


The following areas are affected by this study: 

• Droptank separation system design 

• Droptank aerodynamic , structural, and thermodynamic design 

• Droptank deboost system design 

• Orbiter operational procedures 

• Range safety 

RESULTS 


The separation and entry analysis indicated entry ranges from 1900 nm to 6000 nm with 
maximum downrange dispersion for a single droptank of +1010 nm, -763 nm for the assumed 
tank configuration. Crossrange dispersion is 432 nm, -17^ nm. The separation study 
phase indicated a need to optimize tolerable angular rates (caused by separation devices) 
to separation distance requirements and separation velocities. A nominal pitch rate of 
5 deg/sec with a separation velocity of 35 fps were used in the analysis. A study of 
body dynamic motion during descent revealed the tank will trim to an angle of attack of 
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4-0 deg following an Initial tumble induced by angular rates at separation. Trio 
conditions ire extremely sensitive to center of gravity location, however, and a 
2 percent forward shift in center of gravity increases entry downrange by over 
600 nra. Effects of other parametric deviations on flight dynamics resulted in 
individual range errors of no more than 125 mn of an assumed impact point. 

GIVEN AND ASSUMED CONDITIONS 

Droptank trajectory simulations were generated assuming a rotating, oblate earth 
(Ref. 1) and the 1962 U.S. Standard Atmosphere modified to Include the effects of 
the 11-year solar cycle on atmospheric volume/denBity relationships (Ref's. 2 and 3)» 
A launch date of January 1978 was used to align separation and entry simulations 
with assumed actual launch dates.* 


Pour shuttle orbits were assumed in the analysis, all 50 x 100 nm orbits but vary- 
ing in orbit inclination (i) and/or vehicle launch site. The assumed perigee injec- 
tion conditions shown in Table 1 are based on the preliminary spherical earth ascent 
analysis reported in Ref. 4 with modifications for oblate earth effects as discussed 
in Ref. 5. Orbit Numbers 1 through k are used for convenient identification in the 
study. 


Ground tracks of the four orbits are shown in Fig. 1. Note the common intersection 
of orbit planes in the Indian Ocean for Orbits 1, 2 and 3* 


The assumed droptank configuration is illustrated in Pig. 2 with corresponding 
nominal weights and mass properties in Table 2 (Ref. 6).** The ascent configuration 
assumes a fairing over the retro rocket which is jettisoned inmediately following 
separation. After retro-fire, (deboost), the retro rocket and other supporting 
hardware (not shown) are also Jettisoned resulting in an aerodynamically symmetric 
entry configuration. Though protuberances such as plumbing, struts, etc., will 
affect entry simulation details, realistic analysis of generalized configuration 
flight characteristics are still applicable to droptank design studies. 


Also shown in Fig. 2 is the axis convention used in the study and the location of 
the reference body station (body-ref.) for various longitudinal locating 
dimensions, l.e., center of gravity longitudinal location, (i c ), aQ d aero-moment 
center location, (j& cga ). Detailed definitions of forces, moments, angular rates, 
and geometric and reference axis systems are Included in Appendix A together with a 
summary of symbols used in this report. 


Droptank aerodynamic characteristics are shown in Appendix B as a function of total 
angle of attack, 7 ? , Mach number, and altitude, H. Data were calculated using 
the arbitrary body aerodynamic computer program of Ref. 7* 


♦Launch date selection is critical since calendar variations alter solar heating 
effects on atmospheric density. 

*-*Maae properties are for the left droptank as viewed by the oibiter pilot. 
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INCLINATION/ 
LAUNCH SITE 

ALTITUDE 

(ft) 

LONGITUDE 

(deg) 

GEOC. LAT. 
(deg) 

INERTIAL 

VEL.(fps) 

INERTIAL 
FLT PATH 
(deg) 

28.5 °/etr 

303806 

68.27 (w> 

27.76(N) 

25890 

0 

55°/etr 

303806 

71.83(w) 

36.92(H) 

25872 

O ; 

90°/etr(s) 

303806 

8l.l9(w) 

16.65(N) 

25890 

0 

90 °/WR(s) 

303806 

121.25(W) 

22.83(N) 

25890 

0 


INERTIAL 
AZIM (deg) 

96-73 

^ 5.85 

180 

180 
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TABLE 2 


DROPTANK NOMINAL MASS PROPERTIES 


(Left Tank) 


EM NO: L2-12-05-M1-8 
DATE: 18 June 1971 


TANK WEIGHT - SEPARATION /RETRO IGNITION 

- RETRO BURNOUT 

- ENTRY WEIGHT 

C.G. LOCATIONS 

LONGITUDINAL (ATT OF NOSE REF) 

- AT SEPARATION 

- AT RETRO IGNITION 

- AT RETRO BURNOUT 

- AT ENTRY 


10390 lb 
10140 lb 
8520 lb 


40.2 ft 
37.9 ft 
38.7 ft 
35.5 ft 


VERTICAL - SEPARATION THRU RETRO 
- ENTRY 


0.37 ft (UP) 

0.01 ft (DN) 


LATERAL - SEPARATION THRU RETRO 
- ENTRY 


0.90 ft (RT) 
O .38 ft (RT) 


MOMENTS OF INERTIA 

ROLL (l x )- SEPARATION THRU RETRO 
- ENTRY 


10500 slug- ft' 
8400 slug- ft' 


PITCH AND YAW (l y AND I z ) 

- AT SEPARATION 

- AT RETRO IGNITION 

- AT RETRO BURNOUT 

- AT ENTRY 


238000 slug- ft' 
243500 slug- ft 
230000 slug- ft 
I 385 OO slug- ft 


• PRODUCTS OF INERTIA, I 
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Minimum and tumbling drag characteristics are used in 3D point mass simulations* 
with assumed drag coefficients as follows; 


^Tumble * ^77=90° 

where Ca and C,j are defined in Appendix A. Ballistic coefficients (w/CdA) 
referred to in the study are computed using drag data at Mach nuifcer 10 and a 

reference area, A__ = 15^ ft 2 , 
rer » 

In the 6 d analysis, aero-force and moment data for 0 < |rj |< l8o deg were used. 

Nominal retro rocket characteristics are shown in Table 3 (Ref. 8). When changes 
in retro velocity (V R ) are required, modified rocket performance and weights are 
calculated assuming constant thrust and constant specific impulse. 


Table 3 

ASSUMED NOMINAL RETRO ROCKET CHARACTERISTICS 


Total Rocket Weight* 

1*20 lb 

Propellant 

250 lb 

Burnout Weight* 

170 lb 

Specific Impulse (Vac), Isp v 

290 sec 

Vacuum Thrust, T v 

ll *-, 500 lb 

Burn Time 

5 sec 

Retro Velocity Increment, V R 

227 fps 


♦Includes attachment hardware 


The generalized flight sequence assumed in the analyses includes inverting the 
orblter after perigee injection (relative to the local horizontal or earth's sur- 
face) then executing an orbiter pitch-down maneuver (nose up relative to local 
horizontal) to orient the droptanks for a favorable retro attitude after separation. 
The inverted position takes advantage of gravitational acceleration components after 
tank separation. An illustration of orbiter/tank orientation at separation is in 
Fig. 3. Retro pitch angle (0r) and velocity conventions and orbiter/tank reference 
axis orientations are also indicated. 


*It assumed, tank entry occurs with a composite of flight conditions, from tumbling 
to minimum drag trim. By assuming these as extremes, actual entry flight profiles 
are bounded by 3D Simulations. 
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Figure 3 


Figure 3 Orbiter/Droptank Orientation at Separation 
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Droptank jettisoning is accomplished with either pyrotechnic or mechanical devices, 
and occurs at a post injection time compatible with tank entry to impact at a 
specific location. A coast period before retro initiation allows a separation 
distance of at least one tank length from the orbiter. The retro-rocket protective 
fairing is discarded during the coast period and the retro-rocket together with 
ancillary and other miscellaneous hardware are jettisoned one second after retro 
termination.* 

DISCUSSION OF RESULTS 


Following an initial, but brief survey of potential impact locations, concurrent 
studies establishing nominal, perturbed and fragment trajectory profiles frcm orbit 
to impact, separation dynamic histories, and 6D descent trajectories incorporating 
tar 1 f’’ght dynamics were performed. Results of these related studies are discussed 
individu by followed by a comparative analysis of point mass and 6D prediction 
techniques and impact and dispersions predictions for a representative case. 

Potential Droptank Impact Locations 

Two criteria are primary in the selection of impact locations; relative danger to 
land masses, and relative danger to shipping. The former is an obvious danger and 
purposeful dropping of space debris in areas of high land mass concentrations is 
avoided from human, physical, and political considerations. The later criterion, 
relative danger to shipping, is not as clear for most situations. The probability 
of hitting a ship 650 ft long and 85 ft wide moving at speeds anywhere from 5 to 
15 Kts is much less than hitting a land mass of equal dimensions fixed in time and 
position (Ref. 9). Current range procedures associated with launches of rocket 
vehicles seem to reflect this consideration. "Notices to Mariners" are issued indi- 
cating programmed launch dates and times based on information supplieu. by Range 
Control facilities at least 10 days prior to the actual launch. It would be fatuous, 
however, to purposely plan launches which result in debris or tankage falling in 
areas where there are large concentrations of merchant and fishing fleets. Conse- 
quently, in this study, impact locations ensuring no land impact and relatively 
minimum shipping densities were established. 

Figure 4 shows a map of worldwide shipping density forecasts for 1980 (Ref. 10 ) , q 
N umbers on the map indicate number of ships in a square area of 5° longitude x 5 
latitude at any given time. 

Also shown are nominal droptank impact areas selected for the analysis. The Indian 
Ocean impact area corresponds to the common intersection of Orbits 1, 2 and 3 
(Fig. l). Note, that shipping density in this area is minimal. Indian Ocean impact 
is also possible for deboost from Orbit 4, but at a more westerly location (approxi- 
mately 45° S, 50° E). There is virtually no shipping in this area. 

Since Indian Ocean impacts require a delay in tank separation and retro, (after 
perigee injection) , mid-Atlantic impact locations for assumed droptank separation 
and entry from near perigee were also considered. The area shown is in a fairly low 
shipping region and in the vicinity of current launch vehicle booster stage impacts. 


*In 3D point mass analyses, simulations were initiated at time of retro ignition. 
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A third area, in the South Pacific Ocean, offers •' virtually shipping-free region 
for impact of launch debris for polar orbit missions from the Western Test Range 
complex (orbit k ) • 

Point Mass (3D) intact Droutank Deboost /Entry Simulations* 

Since minimum range generally results in minimum dispersions for ballistic entry 
trajectories, initial phases of the 3D analysis were concerned with ascertaining 
relationships of retro pitch angle (0 R ) to entry range for the assumed nominal 
retro rocket (fable 3). Furthermore, since a specific impact location is desired, 
(Indian Ocean), the effects on range and impact location of time delays frcm perigee 
injection to retrofire are also of importance* 

Figarer 5 and 6 show variations in range from deboost to impact** frera the four 
reference "Tbits and for various retro times (from perigee). Tumbling drag condi- 
tion.; are assumed. In all cases range increases with delay time except for the 
25 minute delays on orbits 3 and 4. In these two cases, range decreases as delay 
time exceeds 20 minutes. The reasons are not obvious although combined effects of 
earth oblateness and relative retro locations may be contributing factors. 

Range differences in entry from the different orbits but with retro at the same 
time from perigee, are due to both inclination differences and earth oblateness. 

The latter is more clearly discernible when comparing data of orbits 3 aacL 4 (both 
have I = 90°) . 

A trace of retro pitch angle for minimum range (0 R )pp^ is shown for each of the 
orbits. For retro near perigee, relatively high pitch angles are required 
(0 r<^ 75 deg) indicating that tank drag has a significant effect on tank deselec- 
tion and the retro velocity increment is used primarily to lower tank flight path 
angle, forcing the body into a steep descent trajectory. As time from perigee in- 
creases, orbit altitude also increases and the advantageous effects of drag on 
deboost conditions are reduced. The application of retro velocity becomes more 
important for reducing orbital velocity and ensuring entry. The result is lower 
magnitudes of 0 R . Range is correspondingly increased because of the combined 
effects of increased altitude, decreased drag, and small changes in droptank posv- 
retro flight path angle. 

Though not shown, the effect of trim at iainimum drag conditions is to increase entry 
range. The corresponding change in (0ft) O pt 811 Increase of leBS than 10 degrees 
for comparative cases. 

Impact locations corresponding with deboost at (0ft) O pt are shown in Fig. 7 as a 
function of retro time from perigee. (Tumbling drag Is again assumed). The common 
impact location for orbits 1, 2 and 3 is illustrated by the convergence of impact 
longitudes and the near convergence of impact latitudes. In all cases, retro initia- 
tion time is about 20 minutes for the common Indian Ocean impact area. 


*Point mass (3D) entry simulations assume initial conditions at retro ignition. 

**Impact altitude is assumed at 5^,000 ft. 
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Retro Pitch Angle/Range Relationships 
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Metro at about 18 minutes from perigee on orbU 4 provides an impact area about 
h5° S latitude and 49° B longitude. 


The effect of minimum drag entry tc Indian Ocean impact is to move retro initiation 
closer to perigee by 1 to 3 minutes. 

Retro at oerigee is practical only for orbit 1 and ^ with tumbling entry conditions. 
For orbit’ 2, droptank impact occurs dangerously near Canada’s Newfoundland coastline. 
Impact coordinates of 1° 15 and 82° W for tumbling entry with a perigee retro from 
orbit 3 endangex’s both Panama and Columbia. Minimum -drag entry provides little 
relief, since orbit 2 impact moves to about 1000 nm from the coast of Ireland and 
impact for orbit 3 conditions is still along the coast of South America. 

Figure'/ 1 and 9 show how changes in retro velocity affect both entry range and time 
of'V.tr -tiation for entry from orbits 1 and 2 to an Indian Ocean impact. The 
data are w. rizert in Fig. 10 and 11 for both tumbling and minimum drag conditions. 
As expected, entry range decreases with both increased V R and increased drag, 
moving retro time farther from perigee. Optimum pitch angle is correspondingly 
increased. Inclination angle and the related effects of injection location and 
earth oblateness alter entry range about 200 nm and time of retro about 2 minutes. 


Reducing V R below 200 fps rapidly increases range, the limiting case being 
V R a 0 at some time near perigee. Dispersions are al6o increased because of the 
longer corresponding flight times. 


Definite trends for minimizing entry range and, therefore, impact dispersions, are 
indicated by the study results in Figs. 5 through 11, i.e., retro at perigee, V R 
of the order of 500 fps and (0 R ) , around 60 degrees to 75 degrees. There are 

subtleties which contradict these p trends, however, and they must be considered. 
First , the obvious, impact proximity to land areas for perigee-retro and entry from 
orbits 2 and 3 . Higher V R moves impact locations for these cases closer to the 
launch site increasing the danger to either the North or Central America regions. 
Therefore, perigee retro for these orbits, is eliminated from consideration at 
this time. 


A less obvious subtlety is the effect of 0 R on orbiter performance. As indicated 
earlier, and based on the results of Ref. 5, vehicle on-orbit drag is critical to 
minimizing perigee velocity requirements. A low on-orbit drag profile at injection 
(probably near zero angle of attack) is most desirable. Yet, since the orbiter 
must assume the tank retro attitude before separation, the overall system would be 
operating at near maximum drag conditions if pitched to 0 R = 60 deg or 75 
The corresponding effect on injection velocity requirements is obvious. 

The relative cost of operating a space shuttle system at non- optimal conditions is 
much more critical than ramifications of tank deorbit at non- optimal retro pitch 
conditions. Therefore, the requirement of selecting an appropriate (0 R ) Qpt (for 
minimum range entry) for all retro conditions was relaxed. A single re^ro pitch 
angle was selected for each orbit which corresponds to (0 R ) op t for Indian Ocean 
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impacts with V R = 227 fp6.* These angles, listed in Table 4, are used for ai 1 
aroptank entry simulations emanating from their respective orbits regardless of 
retro point, drag profile, or retro velocity.** 

Table 4 

SELECTED RETRO PITCH ANGLES 


Orbit 1 

e R = 37 deg 

Orbit 2 

0 R = 39*5 deg 

Orbit 3 

0 R = 32.4 deg 

Orbit 4 

0 R = 33-5 deg 


Nominal entry trajectories were generated for Indian Ocean impact from orbits 1, 2, 

3 and 4. Impact coordinates of orbit 1, 2 and 3 entry trajectories are at a geodetic 
latitude of about A= 28.5° S and longitudes between 7L, = 80° E and 90° E. Impact 
coordinates for the orbit 4 case are 45° S, 49° E. Initial conditions (at retro) 
for these nominals were obtained using trajectory iterative techniques employed in 
LMSC point mass entry trajectory programs. They are shown in Table 5. Also included 
are conditions for entry trajectories from orbits 1 and 4 with retro at perigee. 

Table 6 is a summary of entry parameters for the nominal tr&.jectories. Note the 
similarity in respective comparisons. For Indian Ocean impact, inclination angle 
changes alter entry range a maximum of about 300 nm regardless of the comparative 
entry profiles. Flight times are within 2 minutes for all tumbling drag or all 
minimum drag profiles and comparisons c>f peak dynamic pressure, (q) and peak 
laminar stagnation point heat rate, (Q s )max a l 00 show similarities 1 ?^ Comparison 
of tumbling and minimum drag entry from a given orbit, to an Indian Ocean impact 
show greater differences, however, (except for flight times). Ranges vary to about 
600 nm, (Q) mny changes by an order of magnitude and (Q s ) tt1qv differs by at least 
a factor of 3 . 

The altitude- velocity (H-V) plots in Fig. 12 provide more insight into the differ- 
ences of tumbling and minimum drag trajectories. 


*Nominal V R is based on rocket characteristics in Table 3. This rocket selection 
is not the product of a detailed optimization study, but is sufficiently optimum 
when considering relationships for minimum range. 

**The Or magnitudes in Table 4 were not optimized for orbiter on-orbit perform- 
ance. They probably do, however, represent near tolerable maximume for the 
system. 
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Table 6 


NOMINAL ENTRY TRAJECTORY PARA* 
(V R * 227 FPS) 


ORBIT 

No. 

RETRO 

TIME 

(MIN.) 

RETRO 

PITCH 

(deg) 

FLIGHT 

TIME 

(sec) 

RANGE 

(nm) 

ISh* 

( %W , 

(BTU/ft 3 ' 2 

-sec) 

1 

20.3 

37 

1385 

5365 

975 

200 


21.0 

37 

1381 

4744 

63 

60 

2 

19.8 

39-5 

1335 

5152 


209 


22.1 

39-5 

1351 

U59T 

■ 

63 

3 

17-3 

32. 4 

1484 

5759 

1042 

233 


19.6 

32.4 

1508 

5210 

68 

72 

4 

15.6 

33-5 

1438 

5575 

1014 

230 


17.8 

33.5 

1463 

5029 

68 

48 

1 

0 

37 

1 

2030 

991 

190 


0 

37 

fia 

1173 

63 

51 

4 

0 

33-5 

551 

1903 

1054 



0 

33-5 

496 

1042 

67 

63 


* AO - Atlantic Ocean 
10 - Indian Ocean 
PO - Pacific Ocean 
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IMPACT 

ENTRY 

AREA* 

A(deg) 

r (deg) 
£ 

PROFILE 

jm 

28 . 5 s 

94. 2E 

Min. Drag 

el 

28 . 6 s 

85 . 8 E 

Tumbling 

10 

28.5S 

88 . 3E 

Min Drag 

10 

28.5S 

89. 3E 

Tumbling 

10 

28 . 5 s 

88 . 6 E 

Min Drag 

TO 

26.5S 

88 . 6 E 

Tumbling 

El 



Min. Drag 

B 



Tumbling 

AO 

19- 5N 

34. 8w 

Min. Drag 

AO 

24. 2N 

49. ow 

Tumbling 


PO 

PO 


8.9S 

5-5N 


123.11 
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Min. Drag 
Tumbling 
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Average drag of a tumbling tank is about a factor of 10 greater than minimum drag 
conditions. Consequently, the tank begins decelerating rapidly shortly after 
encountering the sensible atmosphere (about 300,000 feet). Since velocity drops 
off quickly before deep atmospheric penetration, both dynamic pressure and heat 
rate magnitudes are minimized. Conversely, with minimum drag, the tank penetrates 
deep into the atmosphere before significant deceleration occurs. The combination of 
high velocities in denser atmosphere regions results in increased (§) and 
(^s)max magnitudes • Since flight times are almost the same, the tota^PSeat Impulse* 
will also be greater for minimum drag entry . 

Perigee- retro trajectories exhibit comparable similarities but flight times and 
ranges are considerably si 
at retro. Since (Q fl ) y 
ing Indian Ocean impact) 
more because of the shorter flight times. 

Altitude- velocity profiles for the perigee-retro trajectories are shown in Fig. 13. 

Since mission orbit perigees are sufficiently low to merit consideration of body 
drag contributions to performance calculations, natural decay trajectories of the 
droptanks were investigated to evaluate the necessity of using a retro rocket. 

Table 7 shows a parametric summary of non-retro entry trajectories from perigee of 
orbits 1 and k with tumbling and minimum drag conditions. Note, the considerable 
increase in both range and flight time for comparable data in Table 6, as well as 
the large range and time differences between tumbling and minimum drag cases. .Orbit 
inclination angle has less effect than in previous data, whereas (§)max and (Q ) max 
are equivalent to magnitudes in Table 6. A review of the impact locations show! all 
cases fall in "safe” areas except for the minimum drag, V R = 0 entry from perigee 
of orbit 1 which is dangerously close to the African coast (0.5° N, I.9 0 E). This 
latter condition was omitted from further consideration. 

Figure ik shows H-V profiles for the V R = 0 trajectories. 

Earlier discussions indicated that increased V R when combined with optimum pitch 
angles may be detrimental to orbiter performance. Retro with increased V R at non- 
optimum (lower) 0 R may offer some , advantages , however. A limited analysis was 
performed assuming retro from orbit 1 with V R = 300 fps and 500 fps** and with 
0 R “ 37 degrees. The results, summarized in Pigs. 15 and 1 6, and Table 8, show 
significant reductions in range and flight time as V R is increased to 500 fps. 

Peak dynamic pressures and heat rates are little affected, however., and total load- 
ing environments are reduced because of the shorter flight times. 'For Indian Ocean 
impact missions, retro time is moved farther from perigee as expected. 

The apparent conclusion fran data in Figs. 15 and 1 6 is the desirability of retro 
velocities of the order of 500 fps. Such a conclusion at this time, however, may 
be myopic since overall tank systems compatibility must be evaluated before final 
retro rocket requirements can be established. 


orter, reflecting lower altitude - higher drag conditions 
Q-nd ( ^)„ nv are of* the order of magnitude as correspond- 
trajectorles, total loading histories are reduced even' 


* 




t 

= r q 

i £ 


dt 


**Rocket performance for increased V, 


values of Isp and T v • 
11.2 sec for V R » 500 v fps. 


S sed ,jR ? as modified by assuming constant nominal 
Resulti ng burnt imes a 6.0 sec for V R - 3 00 fps and 
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TABLE 7 


ENTRY TRAJECTORY PARAMETER SUMMARY 
NON-RETRO (V=0) DESCENT FROM PERIGEE 


FLIGHT 


J*599 

1652 


4170 

1415 


(Sw* 


(Q sW/ 

BTU/ft -3 ' -sec 


I IMPACT [ 

AREA* 

A (deg) 

T E (deg) 

AO 

0.5N 

1.9E 

AO 

21. 8N 

41. 3W 

PO 

46.se 

125 . 4w 

PO 

0.7S 

122. 7W 


Atlantic Ocean 
Pacific Ocean 


ENTRY 
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Figure 17 shows a summary of irrpact locations from data in Tables 6, 7 and 8. 

Matching these results to shipping density data in Figure 4 indicates minimum to low 
danger impacts in all cases shown. 

Also important to impact location selection is the sensitivity of entry range to 
various trajectory parameter deviations. Figures 18 through 21 present such sensi- 
tivities for tumbling tank entry to an Indian Ocean Impact. Parameter deviations 
include orbital elements retro characteristics, vehicle configuration and atmospheric 
effect 8.* Most critical to range sensitivity of the parameters shown are orbit con- 
ditions at retro and rocket impulse. Ballistic coefficient effects and initial 
azimuth (dAz) errors are the least contributors along with small changes in 0 R and 
retro yaw angle, ^ R . Note, that range errors due to both 0 R and $ R are sym- 
metric about the nominal value = Alp = 0) indicating retro at 0 (and ip. ) 

for mini mum downrange.** K ^ 

The data also show only small effects on range sensitivity of orbit inclination and 
differences in orbital retro conditions. 

Sensitivities for minimum drag entry from orbits 1 through 4 to Indian Ocean impacts 
(Figs. 22 through 25 ) also show little change due to inclination and are of the same 
magnitudes as tumbling drag sensitivities. Only range variations due to 40 R show 
differences because of the non-optimum pitch angle condition. 

Sensitivities for perigee-retro trajectories from orbits 1 and 4 are presented in 
Figs. 28 through 29 . Though range deviation similarities again exist between mini- 
mum and tumbling drag data for both retro conditions, relative magnitudes are de- 
creased considerably. The effect of orbital inertial flight path (y £ ) is decreased 

almost 50$ * the effect of orbital velocity reduced to relatively negligible magnitudes, 
and the effect of retro total impulse lowered by about 75^. The effects of 40 R are 
somewhat more amplified because of the non-optimum condition. 

Reducing V R to zero at perigee eliminates the sensitivity similarities between 
tumbling ana minimum drag cases but the effects of inclination angle and perigee 
location are still small (Figs. 30 through 33) • lange sensitivities due to orbit 
conditions at retro are still prime factors, however. 

Conversely, increasing V R (to 300 fps or 500 fps) decreases range deviations due to 
all parameters except 40 R (Figs. 34 through 4l). 

Dispersion computations based on the foregoing sensitivities are discussed later in 
this report. 


♦Vehicle weight , drag and atmospheric density effects are included in range devia- 
tions due to variations in W/C^A. 

**(0 R )opt * >or tumbling entry was previously selected as a representative retro 
pitch angle for all entry trajectories. 
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6D Separation and Entry Analysis 

The likelihood of a droptank with center of gravity and configuration asymmetries 
trimming at a constant attitude from retro to impact (as assumed in the point mass 
simulations) is quite s mall - Under actual conditions, separation and/or retro 
induced angular rates, coupled with aerodynamic characteristics and mass property 
relationships, will most likely cause^the tank to timble or precess about the aero- 
dynamic (relative) velocity vector, (V A ) before assuming a final trim condition. 

Body motion histories, each peculiar to a given set of parametric conditions, may 
cause the tank to skip as it encounters the sensible atmosphere, or dive deeply into 
more dense regions. The corresponding aerodynamic and thermal environments will vary 
over a large range. 

The W3C Arbitrary Body 6D Program combines detailed aerodynamic, propulsion and 
mass property characteristics to define both translational and rotational body motion 
over an oblate rotating earth. In this study, the program was used to define both 
droptank separation histories and entry trajectory profiles. 

A single retro condition is assumed for the 6D analysis, that of entry from orbit 1 
to an Indian Ocean impact,. Assumed time of retro is 21 minutes after perigee injec- 
tion (see Table l) . Nominal retro rocket characteristics (Table 3) are used with 
the thrust vector aligned to the average center of gravity (e.g.) location during 
retro-burn, ( * c 8 ave * 3^*3 Tt, ycg = 0.9 ft, zcg * -0*37 ft*). Pitch angle 
at separation is 37 aegrees (corresponding to 0 R in point mass simulations). 

Flight sequence is as described in previous discussion. 

Separation Analysis. Analyses of droptank translational motion using a point mass 
comparison and angular motion using the 6D program were performed to ascertain 

separation histories from the orbiter. Figure 42 shows nomenclature and conventions 
used in the study. Intrack, crosstrack and vertical distances — Xg, Xs> z s» 
respectively — are all measured with respect to the orbit radius- velocity 
plane. Angular deviations In pitch (d0) and yaw (d^) are related to the initial 
droptank attitude. Geometry of separation velocity /orbital velocity relationships 
is in Fig. 43 where V is separation velocity and € the separation angle from the 
tank vertical reference axis, Zjj • (€ = 29*5 degrees for all cases.) 

Figure 44 shows a history of droptank total separation distance frcm the orbiter. 

The data are for assumed coast periods before retro initiation. Note the insensi- 
tivity to drag effects in that separation distances satisfy the vacuum (ideal) 
distance equation, (distance = V x time). 

Figures 45 and 46 show angular deviation histories from the initial droptank attitude 
generated for two separation velocities, 10 fps and 35 fps,** using the 6D arbitrary 
body program. Pitch rates shown (q') are in the separation plane. Roll rate (p) 
is assumed z ero in all cases.*** In Fig. 45 (V B « 35 *P») the angular d*/d© 

*See Appendix A for definitions and sign conventions. 

**Coast period before retro with V g * 10 fps is 10 sec; with * 35 ^P 8 there 
is a 2 sec coast. 

***Separation device angular misalignments will produce roll rates of about 
0.05 deg/sec (Ref. ll) • 
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histories are essentially linear through coast (2 sec), retro fire, (2 sec to 7 sec), 
and post-retro coast for all cases. Only when q' = 10 deg/sec does the relationship 
Ay /AS become nonlinear. With q’ =0.5 deg/sec. the effects of rarying tiirust 
moments due to the longitudinal c.g. motion during retro are illustrated by the 
S- shaped curve. As pitch rate increases, the effects of c.g. travel are overshadowed 
by the effects of q* • 

Lowering sex^aration velocity to 10 fps has little effect on angular deviations for 
the assumed pitc-. rates (Fig. 46). Hiese results again indicate insensitivity to 
drag as well as coupled angular rate/velocity effects. 

Selection of a realistic pitch rate depends on the alignment and performance un- 
certainties of the separation devices. Reference 11 indicates that performance of 
a gr.s generator- pis ton separation device i6 subject to fairly large uncertainties 
from small deviations in propellant temperatures. A reasonable estimate of minimum 
uncertainties shows that pitch rates of 5 deg/sec to^lO deg/6ec may be produced. 
Consequently, an optimistic assumption oi nominal q' *= 5 deg/seo is used in subse- 
quent simulations. 


A composite plot of intrack, crosstrack, radicl and angular separation histories of 
the droptank relative to its initial position on the orbiter is shown in Fig. 47 
for V g = 35 fps, q' = 5 deg/sec. The left hand plot, is a view looking aft along 
the orbiter Xg axis showing the radial ( vertical) /crosstrack separation distance 
relationship. The center plot is looking down (relative to local horizontal) to view 
both intrack/crosstrack relationships and A4> history as indicated by the attitude 
of the tank Xg axis. At retro initiation, the tank is 70 feet from the orbiter 
and rotated by A*l> = -4 degree. At retro termination, A4> = -15 degrees at distance 


of 245 feet ^ total distance 


<V‘ 


(cry 


(it) 


2 1 iA 


*)■ 


The pitch attitude history is shown together with the vertical /intrack relationship 
(right h*nd plot). Hie tank begins deboost at 46 - -9 degrees rotating to 
A6 = -3a. degrees at burnout. Average pitch deviation for the retro period is 
-20 or a ?0 R ) ave = (37-20) = 17 degrees. Referring to curves of impact deviations 
due to 46 r fFig* 18 ) * the corresponding range error is about +l 60 nm. 


Hie separation composite for Vc s 10 fps is shown in Fig. 48. Of particula r inter- 
est is the pitch and yaw deviation with respect to retro initiation. Since coast 
time must be extended to 10 seconds to accommodate the minimum separation distance 
requirement (/^70 feet), A 6 at retro initiation (10 sec) will be -44 degrees. 

Hie corresponding © R at ignition is ( 37—44) = -7 degrees. Assuming a similar a6 
growth rate (as in Fig. 47), ( 6 R ) = - 27 . At this attitude, the retro velocity 

vector is directed up and aft (relative to the local horizontal and orbital direc- 
tion respectively, with the result of increased time and range to impact* (Hie 
effect is further amplified by the added deviation in yaw). Further analysis is 
required to defLne these effects in detail, but it suffices to say at this time, 
increased ranges decrease the accuracy of impact predictions and dispersions, and 
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arc tru*refore undesirable. Consequently, it appears tha: higher separation velocities 
arc required to offset large pitch rates. For the remainder of this study V s = 35 fps 
shall be assumed. 


6D Entry Simulations. The 6D portion of the separation analysis ves extended tp 
dei*Ir<’ the total droptank entry profile from separation to impact (at 50>000 ft). 

Body motion changes, center of gravity deviations, and thrust misalignments were 
Investigated parametrically to determim their individual and generalized collective 
effect on entry cnaracteristics . Nominal, initial conditions are the came as those 
assumed or specified earlier in the report. They are repeated below for convenience. 


Orbit 1 I = 26.5° (ETR) 
Indian Ocean Impact 

Separation Time, 21.0 min 


See Table 5 


Separation Velocity, 35 ips 

Separation Pitch Rate, 5 deg/sec 

Retro velocity, 227 fpc 

Retro pitch angle, 37 deg 

Separation/retro Sequence 

Time = 0 to 2 sec, coast 

= 2 to 7 sec, retro- fire 
= 7 to 8 sec, coast 

= 8 sec, .jettison retrorocket and hardware 


Table 9 lists the various configurations evaluated in the analysis. Case 1 is the 
nominal trajectory using tank mass properties in Table 2, aerodynamic characteristics 
in Appendix B, and nominal conditions given above. Cases 2 and 3 assume tumble rates 
induced at 10 seconds with a thrust moment applied for 0.5 sec about the axis.* 

Center of gravity shifts (Cases 4 and 5) represent 3 O deviation in estimates of 
longitudinal c.g. location. Shifted locations are tabulated in Table 10. 

Thrust misalignments are directional deviations in the applied retro velocity. 

Angular errors are 46^ * +0.12 deg (in pitch plane) and * +0.12 deg (in yaw 

plane) • These are Cases 6~ through 9* 

Figure 49 presents trajectory parameter histories for the nominal case (l) entry. 

The droptank follows ph essentially ballistic path to about 230000 ft (t = 1050 sec) 
wnere it executes a pullup as indicated by the reversal in flight path angle y • 
Following \ slight altitude skip, the tank dives more steeply into the atmosphere. 

Peak dynamic pressure ( = 750 psf) occurs during the final dive at t = U.70 sec. 

■ -j/o 

Peak heating rate is about 78 BTU/ft J/ "-seconds et 1150 sec. 


* M TYB = ^-Ib for 5 RPM tumble, ^ = 290,074 ft- lb for 10 RPM tumble. 
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Table 9 


LIST OF INITIAL BODY CONDITION VARIATIONS FOR 
PARAMETRIC SIX- DEGREE- OF- FREEDOM TRAJECTORIES 


Case N~. 


R 

(deg) 


(deg/sec) 




Nominal case 

Induced Tumble — 5 RPM @ 10 sec 

Induced Tumble — 10 RPM @ 10 sec 

Forward C.G. Shift 

Aft C.G. Shift 

Plus Yav Misalignment of 
Thrust Vector (■♦•0.12 deg) 

Minus Yaw Misalignment of 
Thrust Vector (-0.12 deg) 

Plus Pitch Misalignment of 
Thrust Vector (+0.12 deg) 

Minus Pitch Misalignment of 
Thrust Vector (-0.12 deg) 

Same as nominal but all angular 
rates zero. 


Table 10 


3- SIGMA CENTER OF GRAVITY LOCATION DEVIATIONS 


Aft Deviation 
(ft) 


Fwd Deviation 

(ft) 



































Lockheed Missiles & Space Company 


Space Shuttle Project 


EM NO: I2-12-05-M1-8 
DATE: l6 June 1971 


Total angle of attack history for Case 1 is shown 'n Fig. 50, as a function of alti- 
tude together with V A -H and Q-H profiles. The 77 -band from 0 to 180 deg denotes 
the tank is tumbling. This is not surprising considering the initial separation 
pitch rate and the small atmospheric effects indicated in the previous section. As 
atmospheric density increases, the 77-band begins converging, changing the tumbling 
motion to a wide pendulum- swing motion. Increasing atmospheric effects eventually 
cause convergence to an aerodynamic trim angle of about 40 degrees and then, as 
Mach number decreases to about TJ = 0.* 

The altitude skip is obvious in V A -H profile data of Fig. 50 • 

Figures 51 and 52 were prepared to better define motion of the droptank in the 
region of 77 - convergence. The figures show the trace of the X_ reference axis 
it .i.oves about the aerodynamic velocity vector and as viewed when looking into . 
Conventions for defining 77 and the displacement (bank) angle, X , are defined 
in Appendix A, Fig. A-2. Solid lines in Fig. 51 and 52 derote angular motion for 
-90 deg < 77 < +90 deg (front spatial hemisphere) whereas dashed lines indicate 
490 deg <■ 77 < 27O deg (rear spatial hemisphere). 

Figure 51 shows the 77 -X motion starting after atmospheric effects have begun 
forciig 77 - convergence (t = 837 sec). The tank Xp axis swings through 77 = 90 deg 
during the first indicated oscillation to a maximum of 96 degrees. With each 
succeeding swing, Y) decreases and the tank enters a slow precessional motion about 
V A . As the body approaches the final time point on the plot, precession rate, X , 
is slightly less than 3 deg/sec. 

Figure 52 begins with the final time-point shown in Fig. 51 • As the body motion 
continues, the tank converges more rapidly to a trim 77 of about 40 degrees. By 
t = 1150 seconds, only small perturbations in T) (_<4 deg) are discernible. The 
tank, however, is trimmed in an attitude resulting in a downward net down force 
relative to the local horizontal. This trim attitude at first appears inconsistent 
with aerodynamic data which show trim at positive angles of attack (Q) with positive 
net lift forces. The solution to the inconsistency lies in the relationship of X 
and p • Precession rate between t - 1124 seconds and U .50 seconds is about 1 deg/sec. 
Roll rate is near zero** throughout the trajectory which means the droptank assumes 
the inverted position established for retro fire. Therefore, even though the body 
trims to a positive Q, producing a positive lift force relative to the droptank, 
the net lift force is oriented downward for an effective negative lift-to-drag ratio, 

(- L/D). In this time period (from 1100 seconds to 1150 seconds) the droptank is 
forced into a steep dive (by the -L/D) as indicated by the altitude history plot in 
Fig. 49 and the V A -H plot in Fig. 50. The magnitude of lift-to-drag ratio pro- 
duced by this trim condition (i.e. TJ * l\0 deg, X * 180 deg) is L/D * -0.9* 

Since total angles of attack only measure angular displacement of the body axis from 
the velocity vector, the trim attitude producing a net downforce does not show up in 
the 77 - H plot in Fig. 50. 


*Note, tank trim angle characteristics are shown by the aero-moment data of 
Appendix B. 

**Roll rate is available in 6D simulation computer output but is not plotted for 
presentation herein. 
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From a dispersions point of view, entering the droptank at a trimmed angle of attack 
which results in an L/D greater than 1, is not desirable. Ideally, entry should 
occur either at maximum drag conditions, T\ ~ 90 deg, or tumbling. In an effort to 
accomplish the latter, a 5 RPM tumble rate was imposed on the droptank 10 seconds 
after separation by assuming a large pitching moment provided by a tumb le- rocket . 

The resulting entry trajectory history is in Fig. 53* The tank again, enters 
ballistic ally, and apparently achieves its trim attitude at low enough velocity to 
prevent a significant pullup. The Va-H plot in Fig. 54 verifies the elimination 
of a skip maneuver whereas tie *7-H history indicates convergence to a trim -77 
occurs at lower altitudes. Figure 53 also shows a dive after 1200 seconds, but 
when referring again to Fig. 54, the data show the tank has slowed to supersonic 
velocities by about t = ll60 seconds and vehicle trim rj reduces to zero. Since 
77 = 0 is a minimum drag condition, the droptank will dive. 

Increasing the induced tumble rate to 10 RPM produces an unexpected flight profile 
if one were to extrapolate from Cases 1 and 2 (Figs. 55 and 56 ). The tank continues 
tumble through an altitude of 280,000 feet (about 990 seconds) followed by a rapid 
trim to 77 = 40 degrees. The tank executes a skip at 193,000 feet before continuing 
its descent. Deceleration to supersonic conditions occurs by about 1300 seconds and 
trim 77 ~ 0. 

Moving the center of gravity forward (Figs. 57 and 58 ) increases the droptank aero- 
dynamic stability margin resulting in earlier convergence to trim rj (at higher H 
and V A ) . The result is a long skipping trajectory with the tank gaining about 
160,000 feet after pullout. A long trimmed descent profile follows with an apparently 
-L/D as evidenced by the continually increasing Q history. Trim angle eventually 
goes zero as in the previous cases. 

Moving the c.g. aft increases the hypersonic trim -17 to about 52 degrees and super- 
sonic trim attitude to about 77-37 degrees. A pullup is still evident before the 
tank begins its final descent. As before, the data again indicate an apparent -L/D 
during final flight phases, (Fig. 59 and 60 ). : » 

Figures 6l through 68 show trajectory parameter plots for angular misalignment of 
the thrust vector from the nominal installation position. All are similar to previ- 
ous cases with nominal c.g. locations. 

Case 10 (for which no data are plotted) was generated to determine the effects of 
initial angular rates (at separation) on the entry profile. At first glance, the 
results were surprising, but after brief consideration of the various angular and 
rate relationships they became credible and valuable to the analysis. Initial con- 
ditions included V 8 - 35 fps, V R = 227 fps, e R - 37 degrees and p = q * 0 . 

At separation, the combined effects of flight path angle, orbital velocity and 
separation velocity result in a total angle of attack at the Instant of separation 
of about 36 degrees, only 4 degrees from trim- 77 . Without a separation Induced 
pitch rate, the angular attitude remains essentially constant as the tanks move 
away from the orbiter, and then, following retro and as aero- forces build up, rj 
moves to the trim attitixLe ( rj * 40 deg) . The net result 1 b a droptank flying its 
entire entry trajectory trimmed at L/b * 0.9* The corresponding flight profile is 
a long skipping trajectory with a flight time of over 2300 seconds before the tank 
descends through H - 100,000 feet. These results clearly demonstrate the need to 
avoid entry at trim angles which produce finite L/D's and, in fact, direct tank 
design toward a configuration that will tumble over a large portion of its entry 
trajectory. 
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Comparison cf Point Mass and 6P Analysis Results 

Each of the 6d trajectories generated in the foregoing a .a lysis Is the singular 
product of a unique set of conditions end will, therefore, have a unique effect on 
droptank design, entry flight profiles and impact location predictions. The extent 
of these effects can be illustrated by comparing equivalent 3D point mass trajec- 
tories with the 6D results. Figure 69 shows such a comparison in the form of 
altitude-velocity profiles. In all cases, conditions for entry from orbit 1 to im- 
pact in the Indian Ocean were assumed. Separation/retro time is 20.3 minutes for 
the point mass, minimum drag case and 21 minutes for the point mass, tumbling and 
6 d nominal profiles. 


As expected, the 6 d profile exhibits the characteristics of a composite entry mode, 
i.e., combined tumbling and lifting. Initially the droptank is entering along a 
ballistic (tumbling) flight path but as rj begins converging, the profile deviates 
from a tumbling entry profile. Following the pullout maneuver the tank dives (as 
earlier discussed) because of a net, downward lift force which simulates a decreased 
drag condition. Consequently the 6 d profile approaches a minimum drag path, finally 
achieving it as the tank trim angle goes to zero at around Mach 2. 


Table 11 lists flight time, (Q),,-* and (Qs)max for the trajectory simulations 
(Cases 1 through 9) . When comparing with corresponding 3D point mass data in 
Table 6, note that flight times are shorter and both (Q)^^ and (^max are 
betveen corresponding values for tumbling and minimum drag entry. 


Comparative Impact locations are shown in Fig. 70 in relation to the point mass 
trajectory impact for a tumbling entry. All 6b cases fall within a 125 nm radius 
of the point mass condition except Case k, entry with a forward c.g. location. 
Early convergence to trim rj and the resulting high lift trajectory extends the 
relative range over 600 nm down range with a crossrange of about l60 nm. 

The nominal 6 d trajectory ispact la within 10 nm of the predicted point mass 
location. 


RSS Impact Range Dispersion 

Because of the apparent similarities of range sensitivity to parametric variations, 
3<7 Impact range dispersions are calculated for a single representative entry tra- 
jectory. The case selected, entry from orbit 1 to an Indian Ocean impact, is 
typical of the various trajectories offering near maximum range. Consequently, 
dispersions for this case will represent a near maximum expected Impact envelope 
for an intact entry of the droptank.* Higher V R and/or retro at perigee should 
result in smaller dispersions at Impact. 

Table 12 shows the computed root- sum-square (RSS) dispersion for assumed 3 O 
parametric errors. Impact range deviations of 61D trajectories were assumed for 
c.g. error and retro misalignments. All other sensitivities shown are from Fig. 18, 


*The correlation is not valid for the extended range non- retro (V R - 0) entry 
from perigee . 
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Table 11 

6d TRAJECTORIES PARAMETER SUMMARY 






Maximum 



Defining 


Dynamic Pressure 

Laminar Heat 

Rate 


Parameter 

x llgnx 



Value 


Trim Angle 


Time 

Value 

Time 

■3/2 

Time 

of Attack 


(Sec) 

(psf) 

(Sec) 

(BTU/ft J/ -Sec) 

(Sec) 

(Deg) 

nominal 

1193.1 

55*. 16 

1168 

77.835 

1156.535 

4 o 

5 HPM Tumble 

1183.0 

404.42 

1152.1 

68.82 

1090.07 

40 

10 RFM Tuntole 

1372.93 

155.0 

1340 

61.93 

1060.0 

40 

AJtcg (fwd) 

11*24.40 

377.8 

1424 

107.74 

1120.0 

30 

At eg (aft) 

1361.6 

232.4 

1175 

62.2 

1060 

52 

+A* 

1186 . 45 

629.04 

1158.53 

95.624 

1150.53 

40 

-At 

1180.63 

529.534 

1151.51 

76.437 

1090.1 

4 o 

+ao 

1202.6. 

523.79 

1175.58 

79.9 

1060 

40 

-AO 

1196.67 * 

205.89 

1158.5 

103.17 

1120.0 

40 

Ho rates 

2*27.55 

154.1 

2427.55 

32.857 

1430.4 

40 
















i7: 









Table 12 


Table 12 


IMPACT RANGE DISPERSIONS 

- Entry from Ort>it 1, Indian Ocean Impact 

- Separation Time, 21 Min V R -227 FPS, 0 R =37 Deg 


Error Source 

Dn Range 
(nm) 

Up Range 
(nm) 

+ X- Range 
(nm) 

-X- Range 
(nm) 

Orbit Elements 
Position 
Altitude (+2 an) 

Velocity (+20 fps) 

Fit Path (+0.1 deg) 

Azimuth (+0.1 deg) 

RSS Dispersion Due to Orbit Elements 

3 

280 

300 

430 

- 3 
-280 
-260 
-430 

0.5 

10 

-C.5 

-10 

+594 

-575 

10.0 

10.0 

Retro Conditions 
Pitch Angle (+10 deg) 

Yaw Angle (+12 deg) 

Total Impulse (+11 pet) 

Thrust Misalign, ae T (+0.12 deg) 

— Atx (±0*12 deg) 

Retro initiation (+1.4 sec) 

RSS Dispersion Due to Retro 

+ 85 
100 
500 
12 

6 

- 40 

- 55 
480 
100 
-62 
- 6 

1 0 1 1 » • 

-30 

-40 

-18 

517 

-499 

30 

53 

toss Properties 
W/C^A (+ 10 pet) 

Long. C.G. (+ 0.02 L^l 

RSS Dispersion Due to Mass Properties 

30 

+630 

- 30 

- 15 

- 

-165 

631 

- 34 

- 

-165 

Atmo sphere/ Aerodynamic s 
Density (+ 10*) 

Drag (+ 1056) 

30 

30 

0 0 

r*^ (n 

1 1 

- 

1 

RSS Dispersion Due to Atmosphere/Aero 

42 

- 42 

0 

0 

TOTAL RSS DISPERSION 

1010 

-763 

32 

-174 
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which Is for a tumbling entry condition. The total dispersion is 1010 nm down- 
range, 763 nm up range and +32 nm, -17^ nm in crossrange. The effect of a forward 
c.g. shift is the prime contributor to the asymmetry in both intrack and crossrange 
about the nominal. 

Errors shown for orbit elements reflect lack of tracking information on a vehicle 
which has Just recently been injected into orbit. After one orbit pass, tracking 
data inputs can be used to reduce these contributions significantly.* 

In the separation analysis, the average 0 R during retro was established at 17 de- 
grees based on an initial 6 * 37 degrees. The 20 degrees difference was reduced 

to 4G R ■ 4 10 degrees assuming orbiter attitude is adjusted to somewhat compensate 
for expected retro pitch errors. This assumption is not valid for retro yaw angle 
errors. 

The resulting dispersion envelope is illustrated in Fig. 71 for both LH2 droptanks 
relative to an assumed impact location. The two points which fall Just outside the 
boundary are the range errors for the forward c.g. configuration. Accurate weight 
and balance data before launch can be used to adjust nominal predictions to include 
these points. 

Tank Breakup Considerations 

All of the data presented so far, assume the Mg droptanks will enter structurally 
intact to inqpact. In actual operations, however, the tanks will probably fail 
structurally, either by design or by chance, scattering fragments as they descend. 

A brief analysis of fragment ranges was performed to aid in prediction of any exten- 
sion of the dispersion envelope which may be necessary because of breakup. 

Figures 72 , 73 and 7^ show range to impact, and (5) M for an a ® 8Umed 

breakup at retro. Ballistic coefficient is used as the parametric factor for defin- 
ing fragment size. The data are for ballistic descent since likelihood of a totally 
trimmed fragment trajectory with finite L/D Is only a small possibility. Initial 
trajectory conditions are shown in Table 13. 

Fragment ranges vary from MmD 0 nm to 6650 nm for the W/C^A range considered. 

Assuming e particle spectrum of 5 psf - (W/C~A) ^ 500 psf , an impact range increase 
(over intact point mss tuntollng entry) of about 1590 nm can be expected. Peak 
dynamic pressure will vary to about te00 psf and (Q g ) r ,. r to approximately 

500 BTU/ft 3 / 2 -sec. 

Figures 75 through 78 show fragment ranges for assumed bank breakup at the tints 
of peak heating and peak dynamic pressure for entry from each of the four orbit 
conditions.** The effect of breakup along a tuntoling vs. a minimum drag trajectory 


♦With updated tracking, 3 a orbit element errors are reduced to 4H * +0.5 nm, 
AV Iq * +*.0 fps , aYj q - 0.03 degree. 

**TraJectory conditions at and (Q) — ^ are from nominal 3D point mass 

entry trajectories for Indian Ocean ls^act. 
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Table 13 



ASSIM3D TRAJECTORY CONDITIONS AT 

propianj: structural FAILURE 

Orbit 

Tank Entry 

Time From 
Retro 

Altitude 

Velocity 

Flight Path 

Trajectory Conditions 

( sec) 

(ft) 

to 8 ) 

( de s) 

1 

At Retro 
Tumbling 

0 

448333 

25673 

0.4 

j 

Min. Drag 

0 

439697 

25683 

0.4 

1 

At Max Heating 
Tumbling 

109^ 

234271 

21337 

-2.0 


Min. Drag 

1262 

l64l4o 

20551 

-2.5 

1 

i 

i 

At Max Dyn. Pressure 
Tumbling 

1150 

182239 

12143 

-5.2 


Min. Drag 

1317 

106845 

10336 

-6.1 

2 

At Retro 
Tumbling 

0 

468796 

25650 

0.4 


Min. Drag 

0 

450181 

25677 

0.4 


At Max Heating 
Tumbling 

1065 

234101 

21113 

-2.1 


Min. Drag 

1214 

163809 

20304 

-2.7 

i 

At Max Dyn. F*essure 
Tumbling 

1121 

181496 

11700 

-5.5 


Min. Drag 

1265 

109165 

10506 

-6.2 

3 

At Retro 
Tumbling 

0 

495725 

25657 

0.4 


Min. Drag 

0 

461222 

25691 

0.4 


At Max Heating 
Tumbling 

1221 

235058 

21193 

-1*9 


Min. Drag 

1359 

167895 

20517 

-2.3 


At Max Dyn. Pressure 
Tumbling 

1273 

186487 

12063 

-5.1 


Min. Drag 

1431 

110677 

10210 

-6.2 

4 

At Retro 
Tumbling 

0 

453258 

25690 

0.4 


Min. Drag 

0 

419105 

25723 

0.4 


At Max Heating 
Tumbling 

1177 

235179 

20974 

-1.9 


Min. Drag 

1305 

176383 

210e4 

-2.1 


At Max Dyn. Pressure 
Tumbling 

1225 

190805 

12257 

-4.8 


Min. Drag 

1370 

107367 

9290 

-6.9 


n 

«■> 
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is also indicated. Fragment ranges are reduced considerably for corresponding 
magnitudes of w/C^A when compared with Fig. 72, indicating that it is desirable 
to delay breakup as long as possible to reduce resulting fragment impact range 
envelopes. 

CONCLUSIONS 

The foregoing separation and entry analysis was based on an assumed LHg drop tank 
configuration with an aerodynamically symnetric cross-section and with slight center 
of gravity offsets. Given a set of orbit conditions, separation and retro velocities, 
and nominal angular rates, the tank tumbles until it encounters the sensible atmos- 
phere at which time it begins total angle of attack convergence to a trim attitude 
of *? * 4 0 degrees. The body experiences a slight processing motion about the aero- 
dynamic (relative) velocity vector which slows down as trim rj is approached. Total 
range to Impact is from 1900 run to 6000 nm depending on assumed retro location. 

Considering now, a non-aerodynamically symmetric body, the results represent optimistic 
entry characteristics since the symmetric aero-properties of the assumed droptank 
make performance predictions somewhat simpler. An asymmetric body would also trim 
to some angle of attack, but orientation of total force vector may be either in or 
out of the trajectory plane. Furthermore, body dynamic motion becomes increasingly 
complicated adding to the requirements for sound structural/thermal design. 

Several conclusions to general tank design can be made based on results of this 
analysis. They are as follows: 

• Tank design should provide minimum aerodynamic stability to delay 

rj -convergence as long as possible. Related loads, range and dispersions 
will be minimized. 



a Separation characteristics relating to coast before retro initiation 
require additional analysis to optimize tolerable angular rates with 
separation distance requirements and separation velocity. 

• Extreme retro pitch attitudes affect orbiter performance, therefore, 0p 
should be relatively low (below approximately 30 degrees). 

e Higher retro velocities offer advantages of shorter range and reduced 
dispersions. 

e Indian Ocean impact locations are practical for all the shuttle missions 
considered. Perigee-retro is only practical for WTR launched orbits or 
28.5 deg inclined orbits launched from ETR. 

e Non-retro entry is possible from perigee of orbits 1 and k but must be 
made with a tumbling body. 

e Orbit elements, retro conditions and droptank c.g. characteristics 
are critical contributors to impact range dispersions. 

# An elliptic dispersion envelope with axes of 2020 nm and 400 nm will 
contain all predicted rar*ge errors and most of the anticipated 
fragment impact locations. 
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Appendix A 

IT JNCLATUKE AND CONVENTIONS 


The six-degree -of- freedom (6D) computer program used in the droptank dynamic analysis 
predicts body motion, body acceleration, and angle -of -attack histories during powered 
and/or unpowered flight of an unguided vehicle. In solving for the translational 
and rotational motion of the arbitrary body, the program integrates the equations of 
motion in inertial space including the effects of forces and moments caused by aero- 
dynamic characteristics, gravity, and thrust. Body rotation is u la ted to the 
vehicle axes through appropriate direction cosines. 


Figure A-l shows the conventions used in defining forces, moments, angular rates and 
vehicles axes. All directions and orientations shown are in the positive (+) sense 
(unless otherwise indicated), following the "right-hand" rule. The reference axis 
system (X B , Y B , Zg) is orthogonal, with its origin at the instantaneous center of 
gravity, and parallel to the assumed body geometric axes. Moments, rotations i*nd 
mass properties are related to the instantaneous reference axes although center of 
gravity (c.g.) location is defined relative to the geometric axes. Body angular 
orientation with respect to the velocity vector is defined by angles -of -at tack and 
sideslip ( a and p , respectively) . Total angle of t ttack is defined by rj . 
Direction of the aero-force vector is described by body orientation with respect 
to the local vertical plane and the direction of flight as defined by the dis- 
placement angle X and total angle -of -attack, T] (see Fig. A-2) . 


Forces acting along each of the reference axes 


(p v V 


and F„ ) include con- 

h 


tributions of both aerodynamic and thrust forces. The aero-center is the location 
about which aerodynamic moments are referenced. The latter are related to the 
center of gravity by appropriate morent transfer relationships. 


Pertinent symbols and nomenclature have been defined as introduced in the text of 
this report. For convenience to the reader, a sumnary of these synfcols is included 
in Table A-l. 
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a m XB# P 


x 0 , y b , Zg Instantaneous Eoiy Reference Axes (Origin at O.G#) 

V *b Body Geometric Axes (Parallel to Reference Axes) 

F XB* f yb> p ZB Force C** 00 ® 11 * 8 Along (Parallel to) Body Reference Axes 

Mjrg, Myg, M^b Components About Body Reference Axes 

l og# y C g> *cg CeRter of Gravity (C.C.) Location Relative To Gecmetrie Axes 

*cga»ycga #Zc Ea Aero-Monant Reference Location Relative To Geometric Axes 

p q. r Angular Rates Along Reference Axes Relative To Inertial Reference 


p, q> r 
a, P, 


Angle of Attack, Angle of Sideslip, Total Anglo of Attack 
Aerodynamic (Relative) Velocity Vector 


710, A-l DEFINITION OF REFERENCE AXES, FORCES, MOMENTS, 
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Vi 


J8k +* 


R Radius rector from Inertial Reference to 
tody center of suae* 

"f A Aerodynamic (relative) velovlty vector 
Xg Instantaneous body longitudinal reference axis 
1] Total anglo of attack 

X Angular displacement of XgV -plane from RV^-plane 


FIG. A-2 




(RELATIVE) VELOCITT VICTOR 










Lockheed Missiles & Space Company 


Space Shuttle Project 


EM NO: L2-12-05-M1-8 
DATE: 18 June 1971 


NOMENCIATUHE 


Symbol 


A, A 


D 

c-g- 



ref 








Definition 

Reference area 
Axial force coefficient 
Drag Coefficient 
Center of gravity 
Rolling moment coefficient 
Roll damping coefficient 
Pitching moment coefficient 
Pitch damping coefficient 

Normal force coefficient 
Yavlng moment coefficient 
Yav damping coefficient 
Side force coefficient 
Dovnrange from staging point 

-axle (- -C a Q A ref ) 

Aero- force along Yg-axis (* Cy Q A re f) 
Aero-force along Zg-axis (■ -Cg Q A wf ) 


Aero-force along Xg 


Thrust forces along body ref. axes 


Force along body Xg - axis 
Force along body Yg - axis 


\ * \) 
\ * \) 


A-4 


Units 



lb 

lb 

lb 

lb 

lb 

lb 
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NOMENCIATUHE (Continued) 


Symbol 

% 

H 

I 

X SP 


tot 


^xy* *xz' *yz 
L/D 

L ref 

A cg 

^ c e„ 


\ 

\ 

% 


M 


\ 


M 


\ 


Definition 

Force along body Zg - axis (= F A + F T 

h h. 

Altitude 

Orbit inclination angle 
Specific impulse 
Total impulse 
Roll moment of inertia 
Pitch moment of inertia 
Yaw moment of inertia 
Products of inertia 
Lift -to -drag ratio 
Reference length 

Longitudinal c.g. location (aft of nose ref.) 

Longitudinal location of aero-moment 
reference (aft of nose ref.) • 

Moment about Xg-axie ( a M. + Hp 

\ ^B, 

Moment about Yg-axis (= M^. +1^ 

> % 

Moment about 2L-axis / * M. + Hp \ 

\ \ \) 

Aero-rolling moment 
Aero-pitching moment 
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Units 

lb 

ft 

deg 

sec 

lb- sec 
slug-ft 2 
slug-ft 2 
slug- ft 2 
slug-ft 2 

ft 

ft 

ft 

ft- lb 
ft -lb 
ft -lb 
ft-lb 
ft-lb 


M, 


Aero-yawing moment 


ft-lb 
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Symbol 





P 

Q 

s 

•a. 

R 


r 



t 



W 


V V h 

V V \ 



a 

fl 


NOMENCLATURE (Continued) 
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Definition 

Thrust moments about body ref. axes 


Units 
ft -lb 


Roll rate about X^-axis 
Dynamic pressure 

Laminar stagnation point heat rate 

Pitch rate about Y_-axie 

B 

Radius vector from inertial reference to 
body center of mass 

Yaw rate about Zg-axis 

Vacuum thrust 

Time from separation 

Aerodynamic (relative) velocity 

Inertial (orbit) velocity 

Retro velocity 

Separation velocity 

Weight 

Body reference axes 
Body geometric axes 

Lateral c.g. displacement from x^-axis 

Lateral displacement of aero-moment 
reference from x^-axis 

Vertical c.g. displacement from Xg-axis 

Vertical displacement of aero-moment 
reference from x b -axis 

Angle-of -attack 

Angle of sideslip 

A -6 


deg/ sec 
psf 

Btu/ft^'^-sec 
deg/ sec 


ft 

deg/sec 

lb 

sec 

fps 

fps 

fps 

fps 

lb 


ft 

ft 

ft 

ft 

deg 

deg 
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NOMENCLATURE (Continued) 


Symbol 

Definition 

Units 


Inertial flight path angle 

deg 

y 

Aerodynamic (relative) flight path angle 

deg 

0 R 

Retro pitch angle 

deg 

0 T 

Thrust pitch misalignment angle 

deg 

V 

Total angle of attack 

deg 

A 

Geodetic latitude 

deg 

A 

Geocentric latitude 

deg 

r E 

Earth longitude 

deg 

X 

Displacement (bank) angle from 



V A R plane 

deg 

• 

X 

Precession rate about V A 

deg/ sec 

*R 

Retro yaw angle 

deg 

*T 

Thrust yaw misalignment angle 

deg 

r> 

Vector 


Subscripts 



ave 

Average 


max 

maximum or peak magnitude 


o 

Initial condition 


opt 

Optimum 
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Appendix B 

LHg DROFTANK AERODYNAMIC CHARACTERISTICS 


Aerodynamic force, moment and damping coefficient data are shown in Figures B-l 
through B-U. The data are presented as a function of total angle of attack* 

(0 < 1 77 1 < 180 deg) altitude, H, and Mach number for continuum flow regimes and 
as a function of 77 in free molecule flow. (The roll damping coefficient was 
assumed zero and therefore not included.) Reference parameters pertinent to the 
coefficients are as follows: 


Reference area, 
Reference length, 
Aero-moment center. 


A ref " 

15** ft 

L _ = 

86.6 ft 

rer 

A * 

34.8 ft 

c °a 

y °e a = 

0.38 ft 

Z * 

0.01 ft 

°®a 


*See Appendix A, Fig. A-l for the relationship of 77 to angles of attack and 
sideslip ^(o and respectively) and the aerodynamic, or relative velocity 
vector, V. . 

A B-l 
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ENGINEERING MEMORANDUM 


PERFORMANCE AND DESIGN REQUIREMENTS FOR T W. 

EXTERNAL LIQUID HYDROGEN DROPTANK Q ^ k 20 June 1971 


[aut hors: 


L. Harris 


APPROVAUl 
ENGINEERING ^ 
SYSTEM ENORO L . Si 


PROBLEM STATEMENT 

Establish the requirements and basic restraints/ constraints imposed on the design for 
External Liquid Hydrogen (LHj Droptank. The droptank is used to provide storage for 
the propellant (LHg) used in the propulsion system of an orbiter. 

RESULTS 

L 

The performance and design requirements are presented in a format similar to a CEI 
(Contract End Item) Specification. 

AFFECTED WORK BREAKDOWN STRUCTURE ELEMENTS 

• Performance Requirements 
0 Design Requirements 

• Quality Assurance Provisions 

ASSUMED CONDITIONS 

The droptank requirements presented in this EM are based on a design generated by 
Lockheed Missiles & Space Co. (LMSC) for a droptank used in connection with the GAG 
orbiter documented in SKT 100723 

DISCUSSION OF RESULTS 

1.0 SCOPE 

1.1 General. This EM establishes the requirements and basic restraint s/constraints 

imposed on the design for External Liquid Hydrogen (LHg) Droptank, hereinafter re- 
ferred to as the droptank. . : 

1.2 Function. The droptank is used to provide storage for the propellant (LH^) used 

in the propulsion System of an orbiter. j 

2 .0 APPLICABLE DOCUMENTS . (To be determined) 

3.0 REQUIREMENTS 

3.1 Performance 


3.1.1 Ascent. The droptank shall be capable of withstanding the ascent environments 

to reach a 50 x 100 nm orbit. , 

3.1.2 Tank Capacity. The LEL weight per droptank shall be 56,654 lb at 37 deg R et 
4.274 lb per cu ft. plus a 3 percent ullage volume allowance. 


3.I.3 Tank Attachment and Separation. 
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3.I.3.X Detailed Interface. 

3. 1.3. 1.1 Electrical. The electrical interface jhall be as specified in EM No. 
L2-12-03-M1-1 and L2-12-03-M1-2. 

3. 1.3. 1.2 Mechanical. The mechanical interface shall be as specified in Drawing 
No. SKG 100719. 

3. 1-3. 2 Separation. The droptank shall be capable of separating from the orbiter 
during the 50 by 100 nm orbit coast in a nominal time of 0.2 sec, at a velocity of 
35 fps, and an angular deviation of ± 1 deg maximum. ± 3 deg per sec maximum. Or- 
biter attitude shall be with nose rotated downw^.'d, in the plan of motion, to an 
angle of 127 deg ± 1 deg with respect to the horizon. 

3.1.4 Droptank Entry (at Retro-Rocket ignition). The rotation angle at retro- 
rocket ignition shall be limited to a maximum of 6 deg. An intact entry shall be 
required. The firing of the retro-rocket shall start as shown in Table I. The retro- 
rocket burn time shall be limited to a maximum of 5 sec and the thrust shall be com- 
mensurate with the tank weight and deorbit AV of 230 fps. The droptank should be 
configured to enter at a low trimmed angle of attack unless there is inherent neutral 
stability, in which case the droptank shall be configured as balanced as possible to 
encourage tumbling. 


Table I 


Launch Site 

Orbit Inclination (deg) 

Injection (] 

ETR 

28.5 

21.0 

ETR 

55.0 

22.1 

ETR 

90.0 

19.6 

WTR 

90.0 

17.8 


3.1.5 Thermal Protection System. The droptank shall have an insulation/ablator type 
thermal protection system. During ground hold, the thermal protection system shall 
be capable of keeping the outer surface of the insulation at a temperature sufficient 
to prevent excessive ice formation. During entry, the thermal protection system 
shall be sized to assure that the droptank remains intact. 

3.1.6 Propulsion System 

3.1 .6.1 Pressurization and Venting. The propulsion system shall be capable of 
pressurizing and venting the droptank during prelaunch, ascent, and post separation 
and entry as follows: 

3. 1.6. 1.1 Prelaunch. The drpptank shall have the capability of a purge, chill, and 
fill operation through a ground coupling device. The droptank shall be capable of 
being purged through a pressurization and fill -coupling at a nominal pressure of 25 
psia. After the droptank has been completely purged, it shall be capable of a chill 
and fill cycle, which shall consist of introducing LH~ at a very slow rate at a nom- 
inal pressure of 25 psia. The droptank shall be capable of being vented during fill. 
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3. 1.6. 1.2 Ascent. The droptank valves shall be closed until an altitude of approx- 
imately 60,000 ft has been achieved, at which time the droptank shall have the capa- 
bility of being vented to reduce vapor pressure of the upper layer of propellant. 

After separation from the booster, the droptank shall be capable of being pressurized 
with a gaseous hydrogen to a level which exceeds the rocket engine start NPSP (Net 
Positive Suction Pressure) requirement.. The droptank shall be capable of maintain- 
ing adequate pressure to continuously satisfy engine NPSP requirement for steady state 
operation until shutdown (approximately 400 sec after liftoff) . 

3*1 .6.1.3 Post Separation and Entry. Prior to droptank separation the venting 
pressurization, propellant feed and recirculation lines shall be isolated from the 
orbiter . After separation the droptank shall be capable of decreasing pressure to 
a level to assure an intact entry. 

3. 1.6 .2 Propellant and Feed System. 

3 .1.6. 2.1 Main Feed System. The main feed system shall be capable of filling the 
droptank on the ground and supplying the LHg to the orbiter during orbiter operation. 

3. 1.6. 2. 2 Recirculation System. The recirculation system shall be capable of main- 
taining the rocket engine pumps in a chilled condition on the ground and during 
booster operation until the orbiter is separated and the main rocket engines are 
started. 

3.1*7 Electrical System 

3. 1.7*1 Input Power. The input power shall be furnished from batteries capable of 
furnishing a nominal 28 vdc at 110 amperes. 

3 .1.7*2 Instrumentation. The instrumentation shall be as specified in EM No. 
L2-12-03-MI-2. 

3. 1.7 *3 Separation System. The electrical separation system shall be as specified 
in EM No. L2-12-03-M1-1. 

3.2 Design and Construction. Design and construction of the droptank shall be in 
accordance with LMSC Drawing SKT 100723 and the following. 

3.2.1 Design Load Criteria. The droptank shall be capable of withstanding the fol- 
lowing loading environments: 

a. Maximum Bending Moment: 10^ in. lb at 525 in. aft of the droptank nose 

b. Maximum Axial Acceleration: 3g 

3*2.2 Weight. Weight of the droptank shall not exceed the following; 


Item Weight (lb) 

Structure 3101 
Insulation (Intaot ftjtyy) 3677 
Separation System 85 
Deorbit System 3U0 
Propulsion Astern 6o4 
Contingency 769 


Total 

3 
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3.2.3 Dimensions. The dimensions of the droptank shall not exceed those specified 
on LMSC Drawing SKG 100719 and SKG 100721. The approximate length shall be 94.5 ft 
and a diameter of approximately 15 ft. 

3. 2 -4 Nose Cone. The design of the nose cone shall be as shown on LMSC Drawing 
SKS 100718. 


3,2.5 Separation System. The droptank shall be separated from the orbiter by two 
gas type generator devices located fore and aft in the attach struts. The dimen- 
sions shall not exceed 6 in. in diameter by 42 in. long. The nominal effective 
working pressure shall be 1000 psia. The gas generator grain temperature shall be 
limited to ± 20 deg each ± 3 percent on combustion pressure. 


3.2.6 Storage. The droptank shall be designed to withstand storage for one year 
without degradation to the performance requirements specified herein. 

3.3 Environmental. (To be determined) 


4.0 


QUALITY ASSURANCE PROVISIONS 


4.1 Verification. Each requirement specified herein shall be verified by either 
inspection, analysis, demonstration, or test. 


5.0 PREPARATION FOR DELIVERY . Not applicable. 
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Soloot i'rom candidate ulloya materiula for doaign and fabrication that 
would reault in low coot, light woight, and high reliability liquid hydrogen 
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RESULTS 

Two material a huve been oelocted which moot the criteria for drop tankage; 
maximum reliability, minimum weight, and minimum coat. The two materials 
are aluminum alloy in the -T87 and ~T8l temper, and the atainlooa ateol 
alloy 301 in the extra full hard (XFH) temper. 
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DISCUSSION OF RESULTS 

1.1 Material Considerations 

Minimum cost, mad mum reliability, and minimum weight are fundamental criteria 
for consideration in selection of a material from available candidates. 

Basic Material Costs : 

As a first approximation for the costing of materials the following tabula- 
tion indicates the relative range of cost for the as-received material prior 
to fabrication: 

Material 

Aluminum Alloys 
Austenitic Stainless Steel 
Magnesium Alloys 

Titanium Alloys 

Glass Filament Winding 

Carbon Composites 
Boron Composites 
Wrought Beryllium 

Contributing Factors For Tank Reliability 
Maximum reliability of a material for shuttle liquid hydrogen drop tankage must be 
predicated not only on experience but also on characterization and knowledge of the 
chemical and mechanical behavior of the processed product. Minimum cost to fabri- 
cate a product does not necessarily relate to the cost of the basic material because 
additional costs are required in the fabrication to assure maximum reliability as 
well as a minimum weight tank. To design a tank for minimum weight requires the 
application of a material and those processes which would provide for the m a x i m u m 
in reliability at minimum cost. For example, a material may demonstrate the 
highest strength to weight relationship for design of the lightest tank. However, 
this material may possess a low tolerance to imperfections. Consequently, the 
approach for manufacture would demand extremely sophisticated (costly) procedures 
to minimize flaws and of necessity the associated costs for non-destructive inspec- 
tion would be high. Non-destructive inspection could never be absolute in assuring 
the tank would be free from deleterious flaws. Proof testing is the only positive 


Cost Range ( $/lb) 
1-3 

6-20 

40-100 

100-300 


2 


EM No. L2 -12-01 -Ml -IB 
Oate: 18 June 1971 




method to detect assuredly deleterious flaws. Nevertheless, on proof test- 
ing f the tank must not fail catastrophically if the candidate material does 
possess a flaw. Sole reliance on the proof test to screen fabricated 
high strength -to- weight tankage that has a low tolerance for flaws, when 
the probability of their presence is high, can be a very costly procedure. 

Alternatives would include increasing the thickness of the high strength- to - 
weight material to effectively operate and be proof tested at lower stress 
levels in order to provide a tolerance level for inperfections, or inplement 
tankage design with a candidate material that not necessarily compromises 
weight, but assures both maxi rmim reliability with attendant tolerances to 
inperfections and minimum cost. 

This philosophy is the basis from which the evaluation of candidate materials 
have been analyzed. Where discrete fracture toughness test data are not 
available as for the case of the Magnesium alloys, other comparable indica- 
tors are used, i.e., no tched-to -unnotched tensile strengths. 

On the basis of strength- to-welght ratios in conjunction with fracture tough- 
ness, three classifications of alloys offer the most promise for cryogenic 
tankage. They are (1) umi num alloys that contain copper, (2), alpha phase 
titanium alloys, and (3) cold worked stable and meta stable stainless steels. 
These three alloy systems exhibit the highest strength-to-weight ratios* 
Recent experimental efforts have been devoted to dete rm i n ing the fracture 
toughness, threshold stress intensity factors and cyclic flaw growth behavior 
of the more promising alloys. These include aluminum alloys 2219 , 2021, 

2014, titanium alloy Ti-5Al-2.5Sn fracture toughness for the materials were 
evaluated at -423°F (Liquid Hydrogen), -320°F (Liquid Nitrogen), and 
ambient air in nil of the referenced studies. Only crude estimates can 
be made in terms of plane strain threshold stress intensity for the fracture 
toughness behavior for the cold worked stainless alloy 301XFH. These 
estimates are based on plane stress fracture toughness and notched -to - 
unnotched tensile strength. 
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Rationalization For Alloy Selection 

Analysis of available information indicates that for material thicknesses 
required for drop tank usage, aluminum alloy 2219 in either the -T81 or 
-T87 tempers has a distinct advantage over the T1-5A1-2.5 Sn, see Tables I, - • 

II, III, IV, and V, and Figures I and 2. The advantage is based largely on 
the disparity on the flaw growth behavior of the alloys. 

Other alloy considerations will be discussed later. In addition to the 
obvious economic advantages of fabricating the drop tank from the aluminum 
alloy 2219, another prime consideration to substantiate this selection relates 
to a comparison of sizes for initial allowable imperfections. With all mater- 
ial design configurations assumed to be equivalent (which they are not 
because of mill suppliers limitations — to be discussed in a later section) , the 
lightest vessel that could be built would be made from the titanium alloy. However, 
the maximum allowable flaw size, i.e., the critical flaw size at the proof 
stress, will be smaller than a similar 2219-T87 structure and, more than 
likely, too small to detect by presently available non-destructive testing 
techniques. See Figure II. With undetected flaws in excesB of the maximum 
allowable flaw size, a distinct possibility arises that some of the pressure 
vessels made of the titanium alloy can be expected to fail during proof 
test. The same arguments may be presented for application of cold worked 
stainless 301XPH. Although no discrete -423°F plane strain stress intensity 
information is available for 301X5H, plane stress data and notched -to- 
unnotched tensile strength indicates the capacity to withstand the influence 
and detection of amRll flaws at -423° F. See Figure II. Because of weight 
savings at low cost, 301XFH is considered as c^didate. However, discrete 
testing should be performed to characterize actual flaw size allowables. 

Titanium alloys might be considered where the lightest weight vessel would 
be absolutely mandatory. Not only is titanium more expensive to procure as 
a raw material, requirements for welding are extremely demanding. Welding 
large structures in an atmospheric environment creates the hazard of interstitial 
elements contaminating the weld regardless of any sophisticated inert atmosphere 
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shield that may be employed. Therefore, with the high probability that con- 
tamination will occur and also that macroscopic mechanical imperfections 
may be created beyond the capacity for detection by non-destructive techniques, 
give sufficient logic to discard titanium alloys as candidates for the 
liquid hydrogen drop tankage. Further, as noted, the costs for manufactur- 
ing would demand sophisticated procedures and these would be approximately 
five-fold those for the aluminum or stainless tankage. 

Consequently, the alloy selection may be narrowed to the aluminum alloy 
2219 in either the -T87 or -T81 temper or possibly the stainless alloy 301 
in the extra— full— hard condition (60 percent cold work) • 

The 2219-T87 or -T81 may be used for the cylindrical section and the 2219-T81 or 
2219-T87 for tank ends dependent on final design configuration and manufactur- 
ing processes used. Simplicity for processing cylinders will relate to weld- 
ing cylinders from the as— received 2219— T8X. stock. No heat treatment of 
cylinders would be required. 

The end sections may require intermediate thermal treatments, and these heat 
treatments would obviously ralate to processing the final configuration. The processes 
are well established and fully understood. However, manufacturing of com- 
plex configurations to the 2219-T87 condition will require special and 
possibly costly procedures. It is far more economically advantageous to 
fabricate to the final 2219-T81 condition for acceptable properties with 
equal reliability at low costs. The -T87 temper requires a minimum of 6 
percent strain, whereas the -T81 requires only 1 percent of strain. 

The 2219 alloy is readily weldable by both fusion and resistance welding 
methods. Reliability is further enhanced by the probable occurrence of 
fewer imperfections in conjunction to the ” forgiveness” or tolerance of the 
material to inperfection (discussed previously) . 
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The alloy readily lends itself to forming, or machining either by mechanical 
or chemical means, 

Lockheed Missiles & Space Co. has developed a special starting temper 
for the aluminum alloy when complex forming processes are employed. This 
condition permits in-process thermal treatment for stress -relieving when 
subsequent operations are required. The significance of this starting temper, 
designated -H210, permits complex forming operations without suffering intermediate 
forming problems associated with grain coarsening or attendant degradation to 
ductility after final heat treatment prior to finishing to either the -T81 or 
-T87 tempers are required. 


Utilization of 301XFH would follow the same pattern outlined for the 2219 
aluminum alloy. However, strengthening cannot be achieved by heat treat- 
ments. Nevertheless, in process thermal treatments may be necessary to 
enhance fabricability of end or complex sections. Further, limitations 
will be imposed upon eonplex tank-end configurations. The 30XXFH will lend 
itself readily to cylinder— type fabrication} compound or complex configura- 
tions may be formed to generous radii and then joined. 

Fusion welding of 301XFH causes creation of a heat affected zone and a lower- 
ing of mechanical properties and sensitization. Weldments will require roll 
planishing to overcome this degradation. Sensitization is a condition that 
may be conducive to integranular corrosion if exposed to an aggressive marine 
atmosphere. Nevertheless, many years of space vehicle experience in such 
environments indicates the problem, if any, is minimal. The 30IXFH 
although it is basically an austenitic alloy does convert to some degree 
of martensite on cold working. This condition causes the material to become 
ferromagnetic. Final selection of a material for the shuttle system must 
recognize this phenomenon to avoid electromagnetic flight systems inter- 
ference, if any. 

Also, dependent on final design and process selection 301XSH may also be 
readily resistance-welded. 
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Selection of the aluminum alloy 2219 in the -T87 and -T81 tempers as well as 
the 301XFH relates to reliability, cost, and weight. Both these candidate 
materials have been used extensively in space -vehicle cryogenic application. 
Final design must of necessity have limitations established for acceptable 
imperfections. In the case of 2219 much effort has been performed and 
reported. Similarly much effort has been expended on characterizing the 301X5H. 
However, a limited effort should be undertaken to establish threshold stress 
intensity limitations for the 301 XFH. 

Other Alloys Considered 

A new alloy of the aluminum-copper family, designated 2021, shows even greater 
promise than 2219 as a cryogenic tankage material. The alloy possesses a 
strength -to- weight ratio that is greater than 2219. Information on the fabri- 
cation characteristics as well as fracture toughness data indicate the alloy 
is comparable to 2219 in every category. The advantage of the 2021 over 2219 
is that the new alloy does not require for its strength a predetermined 
degree of cold work or strain. An area that requires further exploration 
is a definitive analysis of the need to post-weld age. Initial development 
revealed freedom from stress corrosion cracking after postweld aging; how- 
ever, later work revealed that processing parameters for the weldment may be 
the cause of such tendencies without the benefit of postweld aging. More 
recent work has presented the argument that excessive heat on welding the 
aluminum copper systems, whether it is 2219 or 2021, would reduce its 
capacity to withstand stress corrosion cracking regardless of postweld aging. 
Nevertheless, lacking a comprehensive program or real experience for compara- 
tive analysis, the need for postweld aging negates any strength advantages 
of the 2021 because of the increased j>rp cessing; costs.. 


Aluminum alloy 2021 might be a candidate except for the added cost required 
for postweld aging processes or the additional characterization required to 
eliminate this as a requirement. Advantages might be gained to use 2021 for 
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tank ends if no postweld aging were required. Maximum strengths could then be 
achieved at minimal manufacturing costs. For these reasons the material has 
been considered as a candidate for the study, but of necessity is deleted from 
further evaluation. 

Another aluminum-copper alloy that has found application as a cryogenic tank- 
age material is 2014. However, some difficulty is encountered in joining 
the alloy by means of fusion welding and is therefore given no further con- 
sideration. 

Although much is known about the 5XXX magnesium aluminum series of alloys, 
the poor tensile yield strength .to- weight ratios at cryogenic temperature 
give cause to eliminate the 5456-H321 as candidate. The alloy also requires 
a predetermined percentage of cold work for its basic strength, and this 
requirement too makes the material unattractive particularly by restricting 
the design and subsequent fabrication of the tank ends resulting in weight 
penalties. 

The magnesium alloys which are also tabulated Table I and graphically illustrated 
in Figure I reveal strength to weight advantage based on ultimate strength. 
However, two other factors give cause for discrimination. Tensile yield strength- 
to-weight ratios are low, and above all, its fracture toughness based on 
notched. to- unnotched tensile strength is extremely low at cryogenic tempera- 
tures. Thus, the loss for cryogenic reliabilities negates its potential, 
unless a specific effort is undertaken to characterize the stress intensity 
fracture toughness for the ZE10A-H24, and this may only further prove the 
alloy to be a poor candidate for cryogenic usage. 

Conclusion 

Two candidate materials have been selected which meet the criteria for drop 
tankage: Maximum reliability, minim u m weight, and mi n i m u m cost. The 

two materials are aluminum alloy 2219 in the -T87 and -T81 temper, and the 

301XEH. 
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Table I 


Comparison of Candidate Alloys — Typical Properties 



Room Temperature 

Liquid Hydrogen Temperature (-423°F) 



UTS 
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NTS 


UTS 
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Alloy 

UTS 

DENSITY 

TYS 

DENSITY 

UTS 

UTS 

DENSITY 

TYS 

DENSITY 

UTS 

Base Metal 

KSI 


KSI 



KSI 


kst 
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2219-T81 

66 

660 

50 

500 

to 

• 

99 

990 

68 

680 

.71 

2219-T87 

68 

680 

56 

560 

.80 

99 

990 

73 

730 

.72 

20U-T6 

73 

730 

64 

640 

.91 

100 

1000 

81 

810 

.66 

2021-T81 

76 

760 

65 

650 

.84 

100 

1000 

82 
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.90 

5456-H321 

57 
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40 
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c*> 

to 
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96 

960 

53 
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.59 

Magnesium 

AZ31B-H24 

42 

650 

32 

490 

0.90 

68 

1050 

35 

540 

.28 

ZE10A-H24 

38 

580 

29 

450 

1.05 

60 

920 

36 

550 

.30 

Titanium-E21 
6A1-4SU STA 
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1060 

160 

1000 

.71 
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1720 

.38 

5A1-2J- Su Ann 

125 
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no 

690 

1.20 

250 

1550 
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1210 

.63 

Stainless 











301 XFH 

223 
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200 
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.70 
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.41 


o 

0 

1 
a 
s 

S' 

CD 

p 

<6 

CD 

e» 

9 

P 

O 

ffi 




I 


gg 

«§ 


5K 

g TO 
Q 

K* 
)-■ » 


§ 

© 

I 

i 


© 

© 


00 















CtJMI 




Table II 




■m jt*-- 





■v&^-r: - •-■-• x. ■ 


1 * *!»; :.r 


Typical Mechanical Properties of Some Copper-Aluminum 
Alloys and Stainless Steel 301 XFH at 
Various Temperatures 
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Table III 

Recommended Design Mechanical Properties of Some Copper-Aluminum 
Alloys and 301 XEH Stainless at Various 
Temperatures 
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Table IV 


TYPICAL MECHANICAL PROPERTIES 
OF Ti- 5 Al- 2 . 5 Sn 


CONDITION 


THICKNESS 


DIRECTION 


Temperature (-423 F) 

r w ksi 

F n ksi 
-percent 


Temperature (- 320 °?) 


i TY 

| -percent 


Temperature (- 110 °F 


TY 

-percent 


* Temperature ( 75 °F) 


i TY 

; -percent- 

• t: Temperature ( 212 °F) 

t P 

♦\1 TU 

4 I TY 

* f -percent 


ELI Ease Metal 


0.200 


208 206 
206 202 


0.25 


1.000 


Weldments 


1.000 0.500 0.200 



240 250 258 216 205 

245 185 

8 4 


210 222 242 
202 • 210 220 
11 8 

















































Table V 

Typical Static Fracture Toughness and Threshold 
Stress Intensity Values 


Condition 


-T87 


0.25 1.000 0.063 

Thickness 0.625 1.25 0.25 


2219 Aluminum 


Base Metal Weldment* 


-T81 -T87 -T8l 


2021 Aluminum Tl-5Su-2jSu|301 XFH 


Base Metal Weldments Base | Base 


-T81 Repair | -T81 


.063 



As 

Metal 

Weld 

AGED 

Weld 

Eli 


.063 

0.50 

1.00 

0.20 

0.20 



*10 

Temp. Rt 

(°F) 


41 49 28 36 25 32 

43 56 30 19 27 48 

74 47 18 33 22 47 


15 20 28 13 28 72 68 150 


22 

18 30 37 

15 36 40 


35 66 63 90 

28 52 47 83 


K TH /K IC 
Temp. Rt 

(°F) 


.77 j .73 .58 - 

.62 .8 
.69 


DATA AVAILABLE 
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PROBLEM STATEMENT 

Establish preliminary design loads on the droptanks of the two-and-one-half-atage 
orbiter. 

RESULTS 

Two ascent loading conditions were considered. The first condition is the 
maximum aerodynamic loading condition, maximum or , & q. The second condition 

occurs when the launch vehicle reaches maximum longitudinal acceleration. The 
droptank reactions, acting on the tanks, are shown in Table 1 for the baseline 
tank configuration and in Table 2 for the G.A.C. configuration. An estimate 
of tank b9niing moment for the baseline tank, at the maximum q condition is 
shown in Figure 1. Axial load distributions for the ascent load conditions 
are Included in Figure 2. Tank reentry loads are shown on Figures 6, 7 and 8. 

Criteria and Assumptions 

The ' riteria used in generating loads on the two-and-one-half-stage droptanks 
has been compiled from previous space shuttle vehicle analysis and from newly 
generated data where new data is available. The criteria used in loads analysis 
is as follows: 

• Dynamic pressure at maximum or , 3 q = 500 psf 

e or and 8 = ± 4 deg 

# Normal and lateral load factor at maximum or , 0q= * 0.4 g 

e Maximum axial load factor = 3g 

General 

The determination of preliminary design loads for the droptank structure has 
been based on the evaluation of three loading events, these being considered the 
most severe for design of the major structural elements of the droptanks. The 
three events cure mmriimiin or , 8 q, maximum axial acceleration, and reentry. 
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ASCENT LOADS 

Preliminary estimates of aerodynamic loading at maximum <v , $ q have been found 
to be nonconservative based on wind tunnel data for the two-and -one-half -stage 
vehicle. The revised aerodynamic loading distribution, based on wind tunnel data 
is shown on Figure 5. The airload distribution has been unitized to (L = 1 and 
is considered to apply in both the pitch and yaw planes. The wind tunnel data 
reflects larger interference effects than were anticipated in the preliminary 
estimates. 

The revised droptank reactions and bending moments, shown in Table 1 and Figure 1 
respectively, reflect the effects of the increased loading. The preliminary 
estimates of tank bending moments and reactions are shown in Table 3 and Figure 6. 
Axial loads fcr the maximum & q condition and the maximum axial acceleration 
conditions are shown in Figure 2. The inertia distribution used in calculation 
of the loads at maximum or & , q is shown in Figure 7. 

REENTRY LOADS 


Tank reentry loads were calculated for two conditions. Before detailed six 
degrees-of -freedom reentry studies were completed, the tank was assumed to be 
tumbling so that = 90° could occur at any point on the trajectory. These 

moments and tension loads, in unit form, are shown in Figures 6 and 7. An 
estimated dynamic pressure (q) of 100 psf and rotational velocity ( u) ) of 0.6 
rad/sec were used in the load calculation. 

The six degrees-of -freedom studies show the tank to be stable, and reentering 
nose first, for all conditions investigated. Rotational velocities of 
approximately 0.1 rad/sec were obtained so that the tension caused is negligible. 
Total angles-of -attack of the order of 40° resulted. Unit moment and axial 
load for these conditions are shown in Figure 8. A dynamic pressure of 630 psf 
results for the most severe condition. 

Newtonian concepts were used to calculate the unit normal airload distributions 
shown in Figure 9. Inertia distributions were obtained by multiplying the 
weight distribution shown in Figure 9 by a unit load factor ( T1 „/q = F H /q W) . 

It can be seen from the load factor equation that the total unit w loads ana moments 
are independant of tank weight and vary only with the distribution of weight and 
angle-of -attack. The unit rotational inertia distributions were determined 
from the weight distribution and are included in the total load curves. 
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Table 3 

irrsi-r, DROPTANK DESIGN LOAD CRITERIA 

— — » 


• LIFTOFF NONCRIT1CAL 

• MAXIMUM DYNAMIC PRESSURE 

MAXIMUM aq, DEG-PSF 2000 

LONGITUDINAL LOAD FACTOR, q 1.4 

NORMAL LOAD FACTOR, q 0,4 

DYNAMIC AXIAL LOAD FACTOR, q 0,3 

• MAXIMUM AXIAL LOAD FACTOR, q 3.0 
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PROBLEM STATEMENT 


Perform, preliminary ctructural analyses on the Baseline Droptank configuration 
proposed for use on the Two-and-One-Half Stage Space Shuttle Orbiter, for the 
purpose of determining realistic meaningful weights and fabrication requirements 
in order to project total program cost. Consideration will be given to intact 
entry, ground handling, and ullage pressure variations. 

RESULTS 


The analyses contained herein show that externally supported LHj? nonreusable 
droptanks are Bized on the basis of internal pressure while subjected to the ascent 
environment. The tank membrane, sized for pressure, is capable of sustaining all 
ascent load conditions without the requirement of additional stiffening. The results 
also show that intact entry can be achieved if the tanks are insulated with cork 
which limits the tank bondline temperature to 500°F. Limiting the tank wall 
temperature to 500°F requires the internal tank pressure to 12 psia +0 . This require- 
ment permits the tank to enter the atmosphere and collapse at a low altitude 
(5000 ft < h < 15,000 ft). The study further 6hows that the droptank can be 
subjected to handling from its extremities without damage through all stages of 
assembly if the tank is internally pressurized to 2 psig. A significant weight 
penalty results, however, if the tank is required to be handled unpressurized. 

Since this study was predicated on a very preliminary tank ullage pressure require- 
ments curve, an analysis was performed to assess the weight penalty associated with 
increased ullage pressures. 

ANALYSIS 

1.0 INTRODUCTION 

In support of the Task h study requirements of the ACS Study (NAS 8-26362) to evaluate 
the weight and program costs for an LH2 droptank configuration developed for the 
Two-and-One-Half Stage Space Shuttle System, preliminary structural analyses of the 
GAC configuration were performed. This system employs a delta-wing orbiter in 
combination with two nonrecoverable LBg propellant tanks, externally simply- i 

supported along the side of the fuselage. Each droptank assembly is attached to 
the orbiter at two locations: one forward In the nose section, reacting only transverse 
loads, and one aft at the orbiter aft payload compartment bulkhead, reacting omni- 
directional loads. 

After careful screening of candidate materials, two were selected; 2219 aluminum 
and 301 ORES steel (extra-hard temper). Tiro tempers in the aluminum were investigated: 

the -8l temper and -87 temper, the reason being that while -T87 Is slightly stronger, ! 
the -T81 is available in wider sheet widths.. This characteristic was only advantageous 
in the fusion welded (Configuration A) design. When the weldbonded design is i 
considered, both tempers are available, az^dj therefore, the -87 temper was selected. I 
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2.0 DESIGN CRITERIA 

Two design load environments were evaluated; ascent loading (Booster and Orbiter 
ascent conditions) and intact entry. The design loads criteria from which design 
loads are obtained are presented in EM L2-12-01-M1-12. In addition to the external 
loads environment, tank design criteria was required. For this preliminary study, 
the tank ullage pressure history curve provided by GAC was used. The ultimate factor 
of safety is 1.40. 

3-0 BASELINE DROFIANK SIZING 

** . 1 LOAD CONDITIONS 

/roliminary tank membrane sizing is based on internal pressure requirements from 
launch release through orbiter separation. The following load conditions are 
considered: 


A. Tank Full: 

Ullage gas temperature = 360°R, Wetted wall temperature = 40°R 
Condition 1: Maximum Booster Acceleration 

n x = 3-0g @ t = 154 sec, p im * 24.5 psia 

Condition 2: Orbiter Ignition 

n x = 1.4g @ t = 186 sec, p Ml1 = 29.0 psia 

B . Tank Empty : 

Tank Wall Temperature Varies Linearly: 

Tank Top Temperature = 360°R 
Tank Bottom Temperature = 40°R 

Condition 3: Orbiter Ascent Burnout 

n x “ °’ Pull = 25 psia 

A verification of the assumption that the tank wall temperature varies linearly when 
it is empty was made by a one dimensional thermodynamic analysis. A comparison of 
these results with the assumed values is shown in Fig. 1. 

3.2 BASELINE DROPTANK MEMBRANE SIZING ANALYSIS 

The LH2 tank geometry is taken from Engineering Drawing SKT IOO703. The 
pertinent details used for this analysis are shown in Fig. 2. 

Of the three design conditions, maximum acceleration proved not to be critical 
because of the higher ullage pressure occurring at orbiter ignition. A combination 
of the latter two conditions (orbiter ignition and orbiter burnout) establishes the 
membrane requirements. This is shown in the subsequent analysis in Table 1. 

1 - 2 - 
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Fig. 1 Droptank Critical Structure Temperature 
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Table 1 

DESIGN LOADS ( LIMIT) 

LOADING CQMDITIOMS 
A- TAUK FULL OF TROPE LLAtAT (LH*) @ -420‘F 
COND.© ; l^«X. booster Accel.^n: 3.0^'s . (3 i 54 iec ^ l =24.5psiA 
couD,<g> : 2nd. Stage lyrtitiori f i4cce\, vuUg^ g i% sec 29,0 pstA 
E>, TAMIL EMPTY , Ullage TEMP *-loJF 
COM3),© •• 2nd. Stage LrojjTov\K Sfagrng’ , b = 2 . 5,0 ?stA 



STA. 



(m) 


COMB. 





© ,Top 553.11 - - 

©/© 586.61 - ' - 

©/® 737.61 IW.0 .2943 

440.0 321.39 .745 

1150.0 531.29 1,314 
®/<3> 1396.41 778.0 1,924 
©/© (42.0 837.34 2.071 
<D/© 1502.2 884.2 2JJP7 
©feotfcm 15C8.C 884.?! 2.(995 


— 24.50 

- 24.50 

.8828 < 1 5.383 
2,385 £ 26,685 
3.942 28,442 

5.772 £ 30.772 

6,213 fcs 30,713 
6.560 31,060 

6.59 8 31,098 



COUX).© 




— 24,0 

— 29.0 

.412 * 2<? - 4ti 
1, 113 X? #>.113 
1,840 30.840 

2, (fl4 £ 31.694 
2.8994 ** 31.40 
3.06(2 32,061 

3,074 32,079 


COND. 


-T(«f) 


100.0 
111.2 
161.8 t 

230.0 £ 

300.0 o 
322.7 *0 
402.6 
4(8,2 

420.0 


MOTE, t } T© l < 'Pt@l .HeYtce^coHD.® is nor cru.cal . 

livnp. a sta i : -T t = l«f +^^j(sTAi- 553.1 j) = lOO +(. 33^l) (sTAl-^.tj) 
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The analytical procedure used for tank membrane sizing is shown in Table 2. The 
material ultimate strength versus temperature is taken from Mil Handbook 5A. 

Minimum gage requirements were established at .025 and .010 for the aluminum and 
steel tank configurations, respectively. The resulting tank gages are summarized 
for all three material selections in Table 3> followed by the detailed calculations 
which lead to this summary. 

3.3 TANK ANALYSIS FOR EXTERNAL ASCENT LOADS 

Having established gage requirements for internal pressure, a check on ascent load 
cupuuility was performed to determine whether that consideration is critical to 
design. The ascent axial load and bending moment occurring at maximum <*q 
(Ref. EM 12- 12- 01-MI- 12 ) , results in the most severe ascent load condition. Pre- 
liminary loads were developed without the aid of wind tunnel data. When wind tunnel 
data became available (late in the study), the loads had to be revised because of 
the significant differences between the assumed aerodynamic load distribution and the 
test results. Both these are converted to maximum compression stress resultants 
(line loads) and compared to the structural capability of the membrane while at 
maximum ofq (ambient pressure i • 5*3 psi). For this condition, the tank internal 
pressure is assumed to be 3 psia lower for the compression side to account for valve 
tolerance. This comparison is shown in Fig. 3, followed by the detailed calculations 
which lead to the plot of this figure, in Tables 4A, 4B and 5. It is noted from 
Fig. 3, that ascent loads are not critical, and no additional stiffening is required. 

3.^ TANK ANALYSIS FOR ENTRY LOADS 

Using the membrane wall thicknesses established for ascent internal pressure (for the 
2219-T87 aluminum configuration) as shown in Table 3, an analysis was performed to 
determine the droptank structural capability during intact entry as a function of tank 
wall temperature and internal pressure. The purpose for this analysis is to determine 
the cork insulation requirements for intact entry. This thermal analysis is presented 
in EM L2-12-01-M1-10 • Figure k presents the burst strength capability for discrete 
locations along the tank as a function of tank wall temperature. The calculations 
which lead to the construction of this figure are shown in Table 6* It can be seen 
from Fig. 4, that if the droptank is vented to a low internal pressure, the al lowable 
wall temperature can be permitted to reach a high value; e*g., venting the tank to 
8 psia permits the tank wall temperature to reach 620°F before failure. No factor 
of safety is associated with these values, but these values are slightly conservative 
in the cylinder membrane area where inherent biaxial strength provides a fifteen 
percent margin. 

Calculations for allowable compression and tension stress resultants (line loads) 
were performed for several values of tank internal pressure. A valve pressure toler- 
ance of 3 psia was included for compression loads to account for reduced load relief. 
The resulting allowables for the tank are shown in Figs. 5 and 6 for compression and 
tension, respectively. The tension side establishes the limiting wall temperature of 
vented pressure. The calculations which lead to the construction of these figures 
are presented in Tables 7 through 12. 

The load environment to which the tank is subjected during entry is directly a func- 
tion of what kind of trajectory the tank assumes during entry. Point-mass 
trajectories were initially run, and from these, it was assumed that the tank never 
trimmed, but tumbled to impact at 0.6 radians per second. These trajectory analyses 
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indicated that the maximum dynamic preeeure never exceeded 70 paf for this 
condition* Since these analyses were incomplete at the time the structures 
analysis was pursued , a ^ of 100 psf was selected for initial investigation* 

The results from 6-D trajectories showed that the droptank stabilizes, nose 
first, to an angle-of -attack, a , of 40 deg., and the maximum dynamic pressure 
reaches 630 psf. The line loads from both these conditions (shown in EM L2-12-01-ML-12) 
were converted to maximum 1 loads in compression and tension, shown in Tables 
13 14 , And superimposed on Figures 5 and 6 for comparison with the allowable 

tank line loads. It is readily seen that the maximum entry loads are not critical 
if the tank vail temperature is limited to 500°F by cork insulation. The 
temperature 500°F is the limiting value for the bond line of the cork. Thus, 
intact entry can be achieved with cork insulation to an attitude range of 5000 
to 15,000 ft, before collapse occurs when the ambient pressure becomes greater 
than the vented t ank pressure which is set at 12 psia „ The reader is 
referred to EM L2-12-02rMX-10 for the thermal analyses associated with this 
study* 

3.5 TANK ANALYSIS FOB. HANDLING CONSIDERATIONS 

Generally, aerospace philosophy assumes that ground handling load environments 
will not dictate flight hardware strength and stiffness requirements. Prel im i n ary 
investigations were made for handling the baseline ta n k configuration In the 
horizontal and vertical positions to assess its strength capabilities and 
determine what is required for normal handling environments through the v ario us 
stages of final assembly. The results of this investigation show that the empty 
tank, supported at its extremities, either in the horizontal or vertical position 
(except in tension) will require various amounts of Internal pressure to prevent 
the tank from collapsing under its own weight. The pressurization requirements 
are a function of the tank weight, and are summarized at the conclusion of the 
following calculations in Table 15. For this analysis, an assumed h a ndlin g load 
factor of 2 gs was used. If these values of internal pressure are maintained, 
handli n g ' can be achieved without compromizing flight weight. In order to be able 
to handle the droptank without internal pressure, the tank wall must be 
thickened beyond that which is required for flight requirements The following 
calculations show the thickness required for each condition and the resulting 
weight penalties are aunmarized in Table 15. 

It should be pointed out that internal pressurization has other advantages and 
safeguards. Once the tank is cleaned and prepared for flight use, internal 
pressure will guarantee total cleanliness required for flight operation, and 
secondly, an unpressurized tank could inadvertently collapse during a sudden 
change in temperature. Final judgements regarding the h a n d li ng considerations 
must be postponed until a more detailed evaluation of total program requirements 
are more defined. 
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3.6 TANK ANALYSIS FOR PROOF PRESSURE CONSIDERATIONS 

Proof testing a pressure vessel designed for a variety of design environments 
becomes a difficult problem. The baseline droptank critical design environment is 
a complex one because the critical condition is a combination of two ascent 
conditions: orbiter ignition and orbiter burnout. This is based on the GAC 

pressurization requirements. Later analysis by IUSC vRef : Report, Section 12.1) 

shows the orbiter ignition ullage pressure can be reduced to 25 psia. If this 
is true, that condition goes away, and the critical condition becomes the 
burnout condition throughout the tank. Simulating this condition in the laboratory, 
however is no small problem, since the tank wall temperature varies (linearly) from 
360 °R (pressurization gas temperature) to 40°R (1^2 temperature). At this condition, 
th* tank pressure is constant: in this case, 25 psia. Compromising any part of 

this environment will detract from the validity of the proof tent and may cauae 
a weight penalty. 

The simplest approach to proof testing pressure vessels is a pneumatic pressure 
test. Table 16 shows the tank gage increases that are necessary if an equivalent 
proof pressure is established for one critical tank location. In this case, the 
critical location selected is Station 680. Comparing these gage values to those 
established for the true environment ' (See Table 3), It is noted that a severe 
weight penalty results for both candidate materials. These weight penalties 
are based only on theoretical dimensions, and thus increase another 35 percent 

over that shown. 

An alternative to the simple pneumatic test is shown in Fig. 7. Deviation 
from cryogenic temperature still results, however, but by turning the tank 
upside down and filling it with a fluid to the level shown that provides the_ 
fluid density as shown, will result in a total proof test of the tank without 
compromising the tank membrane thickness required for the true environment. 

The detailed calculations which lead to the results shown in Table 16 and to 
the construction of Figure 7 are presented in the following pages* 
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3.7 TANK ANALYSIS FOR ULLAGE PRESSURE CONSIDERATIONS 

All of the analyses contained in this Engineering Memo have thus far been based 
on the preliminary GAC ullage pressure sequence* Establishing a design ullage 
pressure profile is beyond the scope of this study, but a knowledge of the impact 
of ullage pressure on tank weight would aid in establishing the optimum pressure 
profile* 

An analysis was performed for a range of ullage pressures from 25 psia to 33 psia 
using the 2219-T81 Aluminum baseline tank configuration* Two considerations 
were made: first, to vary the ullage pressure while the tank is full, venting 
down to 25 psia at burnout, and second, to hold the ullage pressure constant* 
Usinf 25 psia as the baseline value, Figure 8 shows the weight penalty associated 
with both considerations* The calculations which lead to the construction of 
Figure 8 are presented in Tables 17 through 19* These weight values are for one 
tank, and represent theoretical changes* True weight penalties are approximately 
25 to 35 percent higher* 

3.8 DROPTAM mJiOUD ANALYSIS 

The droptank shroud design is a function of the design requirements. Initially, 
its purpose was to support a small rocket, used for entry* Later design 
alternates show the rocket motor supported from the aft cone of the droptank. 
Initially, the cone analysis was based on the criteria and geometry shown in 
Fig. 9. The purpose of this trade study was to establish weights for two 
candidate materials and two structural concepts. The weight results shown in 
Fig. 9 indicate that significant weight savings are achieved using magnesium 
HM21A-T8. It was therefore concluded to use EM21A-T8 as the baseline material 
for the nose shroud. The calculations shown on the following pages lead to the 
final baseline design, presented in Eng. Drawing SKK 100717. The analysis 
included here shows as magnesium nose cap. Last minute changes to the design 
incorporated a Sitka-Spruce formed plywood nose cap. Both weight and oost are 
reduced using the wood nose cap. The nose cap is mechanically fastened to a 
chem-mllled ring-stiffened cone, which in turn is mechanically fastened to the 
forward (aluminum) stub skirt of the droptank. Variations of this design 
were incorporated into the NAR and GAC tank designs. 
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Figure 8 Ullage Preaeure Weight Penalty 
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3.9 DROPTANK ORBITER SUPPORT STRUCTURE ANALYSIS 

An analysis of five different configurations is presented here to establish 
preliminary sizes and weights for the droptank supporting structure. A 
schematic of configurations is shown in Fig. 10. It should be noted that 
Configuration 1 was analyzed for three sizes of the baseline tank (12, 14 and 
18 ft diameters) whereas Configurations 2 and 3 were analyzed only for the 14 ft 
DIA baseline tank and Configurations 4 and 5 were considered only for the GAC 
tank. The calculated weight of all configurations does not include end fittings 
(no NOF factor) and is plotted lx terms of tank DIA in Fig. 11. For all cases 
T1-6AL-4V material is assumed. 

The analysis of the supporting structure assumes that tension members (here 
noted by "rods”) do not have compression capabilities thus simplifying statically 
u- indeterminate cases. This assumption is supported by the rods* large L/p ratio. 

It is also assumed the structure is supported at frictionless rigid joints. 

The results of the detail analysis presented here are summarized in Fig. 2. It should -L. 
be noted, however, that the analysis performed for Configurations 1, 2 and 3 
(baseline) is based on preliminary loads which were superseded by loads reflecting 
wind tunnel data. Time did not permit these loads to be incorporated in the 
baseline configurations but an estimate on weight impact shows an increase in the 
order of 10 % for the Aft Support and 30% for the 5Vd. Support. 

. Loads used in the analysis of Configurations 4 and 5 (GAC tank) include wind 
tunnel data. 

3.10 GAC/NAR DROPTANK MEMBRANE SIZING ANALYSIS 

Time did not permit detail analyses of the GAC configuration (Eng. Dwg. SKG 100719) 
cr the NAR configuration (Eng. Dwg. SKG 100718), but tank membrane sizing 
was performed and included here on the following pages. An evaluation of the 
support structure for the, GAC tank was also made (see Section 3.9)* 

Based on the analyses performed on the baseline configurations, good weight 
estimates (and costs) be made using weight scaling laws. This procedure 
was followed to establish the final weights for both configurations (see Sections 
16 and 17, in Part 3, ACS Final Report, Task IV) . 
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DROPTANK SUPPORT CONFIGURATIONS 


O 

IO 



CONFIG. I BASELINE DROPTANK 

(ALL TUBULAR MEMBER $) 

WEIGHT FOR 14 FT DIA « 25? LB. 


CONFIG. 2 BASELINE DROPTANK 

(TWO TUBES AND FIVE RODS) WEIGHT - 118 i* 


CONFIG. 3 BASELINE DROPTANK 

(TWO TUBES AND FOUR RODS) WEIGHT - 93 IB 


CONFIG. 4 


GAC DROPTANK 
(THREE TUBES AND FOUR RODS, 
ONE RING AT TANK) WEIGHT 


136 10 


CONFIG. 5 


D03S20 


GAC DROPTANK 

(FRONT SUPPORT SAME AS CONFIG. 

4, AFT SUPP. REQUIRES TWO RINGS AND 
INTERCOSTAL AT TANK). WEIGHT * 148 LB 


NOTE: WEIGHTS DO NOT INCLUDE FITTINGS, RINGS, AND NOF 


© z: 
•• o 
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© 

IQUHItj 

LH, TANK STRUT WEIGHT 


MATERIAL: TI-6AL-4V (NOF NOT INCLUDE)) 


CONFIG. I 


CONFIG. 2 (II 


CONFIG. 3 (93) 


Mm 


GAC CONFIG. (13$ 


TANK DIAMETER (FI) 

Fig. 11 
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3 
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1572.000 
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336.000 
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1 

2 

3 

4 

5 
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cx 
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...0 O 0000 
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REACT IONS 
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4 6 

5 -12 


REACTIONS 

KX 

RY 

KZ 

O.o 

0.0 

-60AS5 

60&ZS 

-4.733 

<04.733 

























































m 


eAS£r*&A 


Dot* 

S-t-ll 


Data 


LOCKHEED MISSILES ft SPACE CO 


Bi No. L2-12-01-m~13 
Date i 21 June 1971 


Raparf No, 


space truss analysis date os may 71 


coordinates or joints 


JOINT 

1 

2 


1522*000 
l Y l 2 • GO® 
lS>2*000 
1522*000 
588*00° 
“5 Hr .“OOO 
s^a*QoO 


268. qQO 
|20.00u 
TYoTWo 
|85*000 
222 # qOQ 
fOSaOOo 
lRH #000 


878.000 

888*000 

TT 7 SVOW 

336*000 

8 * 8.000 

"882.000 

380*000 


MEMBER 

1 

2 
3 


JJ ENq jK ENq 


L 

7 X 87 BT 8 

, 52 .^ 3 / 

159*013 

12 IT 2*r 
1 55*010 

978.905 


cx CY 

77flSn ••* 02980 — 

.328005 •*988653 


#000000 
TuOOOW 
•000000 
► .999072 


•*896818 

■VT9V8573' 

*.503069 

'••0830b 1 


Cl 

-.058623 

,006560 

•*867856 

--,263815 

•• 8682*6 

.OOOOUO 








FORM LMSC IUa-J 



! Pr*por*d tv. i Dot* 


LOCKHEED MISSILES & SPACE COI 



EM No. L2-12-01-ML-13 
Dates 21 June 1971 


Report No. 


'8 FT. J}/A. TrtMj CO/VT’J). 


LOADING CASE 5 , FORCES AND M ACTIONS 


JOIMT 


L-0ADIN6 „ JOINT \ : PXr+tOO*' 


TONS 


R.X I RY I T?Z 


IT) 4.783 

-io t i*7 

1 

- U6.I77 

•7£5 

2 . 

5,394 

^ • 4-2.2 

3 


EWBCft AXIAV. FORCE 


173.7 76. 


JOINT 


LOADING. JOIlYTI 


REACTIONS 



■*Y 


137-708 

-1.469 

3.513 

-.^54 

-2.567 


EHBffi AXIAL FORCE 


Co. 10 o 
-145, 7?7 
L'HSfc 


Joint 

REACTIONS 11 

Rx 

RY 

KZ 

2 

3 

4 

- 27,372 

2.7.37 2 
0.0 

20.745 
- 7 8&Z~6 

-2.016 
• 541 
1 Oi W 


EMBER AXIAL FORCE 


JOWT 


116.120 


LOADING . JOINT 5 : PY»-IOD* 


EH6UC AXIAL FORCE 


REACT IONS 


RY R2 



I SAl’l 
( $ •°) 35 




- IB, 303. 

n ci 


Joint 


LOADING . JOINT 5 : PZ--IOO* 


REACT IONS 


*X RY R’Z 
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Forre 


0.0 
-105 ,012 

hi.ih 



I?rr CIA TANK 


kUa.ot.) 

O.o 

O.o 

-123,303 

+ 11640 

+7(773 

+ (, ns 


■*12315 


In-fluenee 

Coe((icien1” 


K/ - o.o 
K/riM : -, 0 q44 
:Tidl ; ^44 

-IOC ' 

Actual force 


(2 FT CIA TAKlK 


Axi 4 <Amt 
•Force 



14 f T Dt A TAM 


/x(fll Unit 

forte 



i? FT WA TAWifT 


AxiaI (Jn.f 

Force* 


-w 

IP/I4-? 

-loftlS 




0.0 


0.0 


+37,639 -3G53 

-131617 -12331 
-16544 
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12. PT 3)|A WtT 




0.0 


o.o 


-'H,!!? -4 MS 

+56/34 -.5365 

-14540 


14-FT DIA TAUyT 



0.0 0.0 


- 105 , 04 ? - 94(7 
+ 61,114 - 577 0 

-\sm 


l?Ff DlA TAMK 




0.0 j 0.0 

t 

-|23,3C-% i -11640 

i 

+ 7 I /773 - " 77 ? 


- (£415 


NEHEER Us 5 (lOvJtR PROMT STRO t) , COUP, (D^-^ 


ln-fluav\ce 

Coe(/icie>ii~ 


K/ ; 0.0 

K /='~ w If ' 0,H 

-| 0 D 

Actual fcra 


(2fT D1A utoftr 


Axud Ant 

•Force 



-.444 



14 f T DtA TAKivC 


/ Wl 04 - SfMK ) 


✓o o 


+ 4,411 





iJFTttATAMvf' 


^XIaI (J«if 
Force 


0.0 



0.0 


+ 37/39 +3553 

-137/17 +12^1 
+16544 


+ 1021 ? 
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f'ltflSe’R Me 4 (uPPtft. rftoMT strut) f coPD. (£> 


r f 

. 

: 3. FT 2>|A TAWf 

' " 

14-FT DIA TAttT 

t«Fr DIA TANK 

l ... 

j Co?+MC cr^t 
i 

/xuA Omt 

fbree 

Ki(A.af) 

A^al C)nif 
forre 

Kc(A.O.F) 

/W((Aut 

Fbnr* 

«c(A.U.F.) 

i 

1 Kx - --o 

0.0 

o.o 

0.0 

0.0 

0.0 

o.O 

K y -i£i2*-.34 
' -10 0 

-V,n\t 

4 3-5324 

-105,04-? 

+ 357lt 

-123,30'i 

■v 41423 

^ 2 --~ ^-= --0W 
Arfrai force. 

+56/34 

-.563.1 


- 6045 

471,7-73 

- ion 


-4-2760 3 


424671 


+34P25 


HeKbER. (05 5 (lOvO^R fftOMT *TPOt), OOpJ). (D 


j InAuswce 

I i 

! Coefficient - 


(2 FT S(A lAOK 


Uhit 

•forte 


O.o 

-4,7 0 (, 

l|3, W 


o.o 

-P <60c? 
4-1117 1 
PIZ 77 I 


14 FT DtA TAMK 


/».(«! Unit 

forte 


f D O 


4- 


-\ 9.\,170 


m(A4p) 


0,0 

- 15.00 

-H|W 
T§7 §4 


(VFT WA Wvr' 


AmI Unit 

Fo«xr 


0.0 
+37,639 
- P7^I7 


- U-7<?7 
f 12.61 0 
4- SI3 


•«> 
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.SUMMARY OF STRUT AXIAL LOADS (LIMIT) 


L0ADIH6 CONDITION 


A No. 1 : DRAG STRUT 

12 FT DIA 

14 FT* Dm 

t*FT Dm 

<D Max Axial ( 363) 
® MAK 

-i45,344 

-239,137 

-^47,033 
- 240,737 

-252,844 

-246,41? 


MEMBER Wo 2 OFFER REAR ST W 

(DMA* Axial (3 6' s) 
® MAX 

■*■153,4-11 

4- 154,423 

+ (57,517 
+ 15?, 574 

+16-9,701 
+ 170 , S ?<0 


MEMBER Wo. 3.- Lower Rear Strut 

<3> Max axial ( 3 4 ' s) 
<3> MAX ^ 

- 1 3.5A0 
-?O,0«? 

-14,27? 

-31,300 

-15,747 

-? 3,740 


HEFIBEP klo4-. UPPER FROWT5TPO? 

(D MAX 
3a.] 

(Db MAX^^NWTlA 
}lqad okily) 

©c 

®d, 

■H2f)64 
+3 ,?60 

-3,?AO 
+ 14.540 
-14,590 
+ 27,603 

+ 35,441 
+ 4,147 
-4;l47 
-+ 1 5,027 
-15,687 
+29,671 

+ 41 , 600 

+ 4,8AS 
-4,»65 

+ 1?,41S 
-18,415 
+ 34, £ 2 . 5 
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oA/r//tfy &F sr#ur axial l0Aa>s^ ®D/ur£>. 


LOADING CONDITION 


Member i)o,s ; Lou)ek%^t s-trot 


I4ET D1A I 18FT UIA 


CP MAX 0i<^ -S.f.3 5 

(DcA til, 1 0(> 1 10, 550 


til, 106 1 10 , 550 

@WMAX (WERTIA -11,(06 -|0, sso 

LOAD omly) 

d>C — 10,21 S? ~ li,32.C 

©3/ MO^lS kl3.^Zb l-Wfc.54 4 

(9^AK ^ (^uy 6 ) +12,171 t?,7M 



MoTF Pendrn^ ivwesTisdTicm ow [ocd Is including 

ium4 tunnel dodo, fine 0 $ subjjorf sttodure 
(wemlms 1,2^3) is sued ov\ tta Ians 
Cjov\Aftions (D k . 
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STRUT CRITICAL LCADS 

£y ms^>ec.W of ''summary OF strata K t At LcADs" five critical loads cue 

1 AXIAL LOADS (UdIT) j 


MEMfc>efc 

12 FT DlA 

14 FT DlA 

I8FTDIA 

CfilTK/H- CASE 

1 ,DRA6 STftOT 

-245,344 

-247,035 

- 252,844 

C.OK10. CD 

2 ? 0WERR€RK 

+ 154,4-23 

+ l5-g’,57*l 

+ 170.W 

OOlOD.® 

£, LOWER REAR 

-3o,o«? 

-31,300 

-33,740 

CoUD.® 

4, upper 

-I4,5q0 

-15,627 

-18,415 

C0UP.(Dd 

5, LOWER WWT 

-11,106 

~I2,326 

- t£ ,544 

CoWD, (|) l>£c 


STRESS ANALYSIS | All dome ,,. » 

HAT'L. ; Ti-6Al-4\/ y solution treated ^ ciged sliest^ t<.|S7 
12 FT M TANK 


swot SHE. A 


Z 4.5* ,0% 1.355 



137.84 


3 U.0X.045 .Ml 2,106, U7.54 55.71 5*000 -43732 -42,0» 


H 


L /p 

Fc 

•47.21 

72500 

55*1 \ 

5*000 

60,9 

44000 

71-M 

3looo 




iM,w) {n\b$ 




11 .0 


244,0 
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FT D(A "JAMT 


2 4.T5X.M5 \.m — (41.51 


t- L /p 

Fc (Li. RJt M.S. 

233.34 47,52 

12100 I-344.5AO -345 W ,002 
1 ' 

141.51 — 

— i+ 2 ttv>o) (mofiii)- .oio 

131,23 63.0 

40503 -475?7 -43227) ,0^6 

103.31 59.0 

4<Soo>o 1-25070 -21942 .140 

127.27 j73.0 

305C0 j-49000 "17257 ,|ol 


& FT DtA TAM 



STRUT 5I2JE A 


-J" 

5 

4C.il 

70O0O 



UT. 


.077 201,0 


2 4.75 r .105 1.505 — 157-44 

55.5 3 7,0 *. mo 1.50? 2.45s 159.02 <S4,« 

55? .MO ,6V^ i.w 121.30 £:>,« 

.1 

id* ,641 2.106 155.05 73.4 290oo!-i4-384 


,005 

. 07 ? 

.104 

,052 


370 

34.0 

14.0 

21.0 


a |5.o 
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Re-fer e ^« (or 4be STRESS AMALVf l S 

Column Stress A l low . (ft) valuts ait "taken |k>m Situs Mem© 

Nlo. 83[> } Ftg.^C .(Tf-6Al-4 \l , t— .187% corvt l^Poomlein^J 

Cnpjf >( i n g, Stfg h jtU . to Stress ^*w<5 tO o. [2£> . 

curve o\ fig. I i o^e/i (br Corved Element- \\o 
F<4c*s free to va(o<?s the basic Crij>j>lmg 

Stress a.symjatotTGall^ "tevtcb to 3>0 frfST , 

Frorv* labU X, J>gC I C, } Hie Hat L. Qo rfgctiion Factor Qot~ 
TI-6AI-4V) solutiow tneafed \ a^c\ secret is 2 All . 

4tev\ce tW Aw*r; Cn^linc; -Strength is 
F^ c = (2A1l)(?®ceo) =743P PSI 

for a[\ av\o\y cor\ (-v ^ o rations ike OoUwua Stress 

^ is less thaw. . TViere^ore, jb>r Meijgkvi 

oovv\|paMSOH (urj>o ses } <t is dssumeA tWf crijjjoliw^ 
w \o&& failure is j>reclo<|ecL 
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’ZOO' 


fK\^hCWY\^^r TO ORfe\T€R 
(Ti-ML-4V' STRUTS, CotiFlG. lj 


(3l£l 


(Z44) 



10 12. 14 16 IS? (fT),m 

( iOU\ rtMVJC 'iW <?sWi«^pA uj<=(0jr\is |or \0 FT WA 

^ >9 FT $)|A lawks su^ortlAg struTf? ate 230 LB and 

265 LB n?r jsec'fwely. 5l4ot ends wei^ki is n^tuclucteci, 
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COtiFI 6 t. 2 

/\ su|;p<5rt\Yij structure t*)W e~Ws(ovi -rods are oscc\ is 
cov\s idered . fbr ^>urj >£>£<?*■ o £ ^ Ue-u^f evaWdtion and 
prel witvviry member ss^in^ Su> '^'£ e ^ o^A^sks is 
lare . 

FROK^T -SUPPORT : "Two tension sods cmd o^t c*efn|»t*ssion 

sAr-ut, £*1\ in one (j\qne normal to ortiler. 

CRITICAL LQADIN6 : CoND. Mo.*. ck<^. t Air loadi 0 y\ y^iXere. 

jorc^s aj^lie^ % so f>)acrt art <K s sVoiaJw hAo^r . 

— I-'n. +F ? TETNi5lOtO ^OD5 

\ ® J * [y TL_ ^Fy- ilH +T440 = 257?) l& 

\ '^Skv \ ® -Uv\3°° -5774 

\ fttat = Py = 2>4<oe© le> um 

\ v A-w ' t 

\ A(h = 5 4 o«^/ (,4^c,21Riw 


a ? 

3cTF 


+Fy 


^ 1 bocco K ' 

RQb (J) , A = A 4» f »i£ , . £z<? iiJ 


— y ^ **> (¥)-- (7 »*> » «* 

. 17130 (1.4^ .150 no 1 ' 

Rop (s) , JMA - .437 1^ 

WF«*HT < 0 F f*oDS ; (l 50 +,w)(~f~)(.it)= 7.5 C 6 
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Wti^M I r\J '■'[0 X . X • I to ~ & Uj. 


CM) (Wo) 



FKOtO' SUPPORT WT ; 7 .S 4 ? = I 5 .S L 



MFfc 


^ u* ® 


AFT SUPPORT ; LoAr0iKi6 £<*)t>.(T) (j'Mx. AkiAL <Ss). 


^/”P 



DRAG 

*OJ> 5 (fe) 


COMWBS 5 VDW ^T«ur 


3=-SL_-.i«52. = ,7340OLE in 

45 ^ 40 * -9341 

tJOT£; COtJAQ /s cess cfimcAL n//W £DUC>k//A4s &X//). & 
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findings Lends Rejs^rt'. _ _ 


■ijgte 




\j / / -few 40* 

\J\ J/ =,- 57 # *.&es< 

N^\7/ . !>3T/ 

p<« 2^30' 


/ 0^ 

>\ » ^ £ vf, 

* V"\ ' V* ,^> ,* A 

b y ^5 

^ ^5$rriry.6r^»^i® 


\ ( %CQO* 

\ f^u420*^ 



rcm(5), Go&r&J 

Urt'^ livnit Loajs as 4vouJvi Ixlour %$_ ^vactoic is 

5.v\a. (^ ^ e<A ASsotwiviig 4V\<A Wsiow vmqwWc (rocb') Ao \\A lai^e 

avy cow^rcisi we \oaa. 



5IM0LTAMWU5 10A£>IN($ 
F ( - l too-oo L& 
Fa.= II 420 LB 
Fa - H ^25 LB 




VT 


f \ LoA D 


: p t . il \ fj. 

A B> AC v2/sm40*.< 


M_jtocoo__ ^ ^ic, 
la/.«42<5^-7g® 


-__fL— = 1 40 °gQ _ _ | ££, 846 U2> 

^ Wi4o“ -S*. c tl 

Fa LcoAX) 

Since ^ <5 in ~H'e direction rX strut /ID , 

V- U4-5C? LB 
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W- 3t IB 


, D* 1,233% U ^T- 24 L& 
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fROlQT ; Same -f^ r QDttFi€uIEL 

WT - 15,5 l£. 

ArT .SOPPO'RT : Rod A-F \s -removed . 


CtojJ£>. 0 (hax, Axial. ^’o) is no[ entice] . 
LoAl>ltJ^ coNp. (p, Usivig notion a#k sign. rowt/Ci^tiorv q_% 
)?er CcHF, jT ‘H^e. tesolting loads normal i 4|ie. 

i^Ert-vtce |>|iuve art. ; 

F, = \ 40000 L 6 


F z= 11430 Ui 


F 3 = tms '-e> 


Fj LoACi , 

= 

V *Wf, 

(Pr) 




HO 


"W • s v=u 


— U 4 845 L£> ( C£)Wtjp»,^ 


_ - Fi _ . J£2!L s 21 77^7 IP 
m s**40* ,£42? 
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I / . _ / . . ..■* I vl . \ V 1— 


L«, L 
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SmtQg) COMP STfcOT . W Ti (a.Jife)(45.o)(,/«)= 32fl~33i* 
S,0f>WA-^.O4OWM.L , A *- 2 , 2 % IN" , (?: *.747 , ly^i 32.2^33 
'fts.llOooo PSt M.<=>. .. i30o<*>*a.23A , 1 __ 1 14 


M.5. -I - 14 

0,4^(172245) " *+— - 


i^tal Wr; (\s). estimate^ : 44-+- 33 = 77 U 2 ( / A$3^f>.) 
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PROBLEM 

The Baseline Droptank is supported on a bolted flange at its aft end, as shown 
in Fig. 1. The concentrated support loads, although to some degree alleviated 
by the internal pressure, create relatively high compressive stresses which may 
cause the shell to buckle or collapse elastically before the ultimate strength 
of the material is reached. The geometry and loadings are complex, requiring a 
relatively sophisticated analysis. 

RESULTS 

Three different analyses were performed, using the computer code BOSOR (Ref. l) : 

1. Linear, nonsymmetric stress analysis 

2. Linear buckling analysis for nonsymmetric loading 

3. Nonlinear, axisyrametric collapse analysis 

It was found that the shell will buckle elastically at 1.33 times the ultimate 
load according to the classical buckling theory. Accounting for a conservative 
practical "knock-down" factor, this figure is reduced to about O.83; therefore, 
it seems prudent to increase the shell thickness some 10 percent, which would 
increase the buckling load to 1.00 + times the ultimate load. 

ANALYSIS 


The analyses described here were all performed on the configuration shown in Fig. 1, 
with the conical part tapering from 0.150 inch at the meridional Station S = 15*38 

to 0.050 inch at Station S = 80.8. Further details of the configuration may 

be gained from Drawing SKT 100704. The loading consists of an internal pressure, 
and axial and lateral concentrated loads introduced via a stiff bracket into the aft 
flange, as indicated in Fig. 1* 

1. Linear, Nonsymmetric Stress Analysis . Stresses resulting from the loads 
shown in Fig. 1 were calculated. Figure 2 shows the meridional stresses 
for the "worst" circumferential station (i.e., in the plane of Fl) . Note 
the rather small stresses, compared to the material ultimate strength, which 
is 94,500 psi. The strength- critical point occurs at the end of the transi- 
tion region, at Station 15.38. At this point the meridional stress is 
43, 750 psi compression on the inside surface. Adding the hoop component, 
the effective stress 

o = + °2 - °i a 2 (i) 
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g = 4-3,280 psi 

which results in a margin cf safety of 1 . 18 . 

All other points in the shell have considerably lower stress. 

2. Linear Buckling Analysis for Nonsymmetric Loading . The buckling analysis 
was made with the prebuckled state obtained from the linear analysis. 
Figure 3 shows a plot of the minimum eigenvalues obtained from the BOSOR 
analysis for various values of the number of circumferential waves. The 
critical load condition is obtained by multiplying the eigenvalue \ by 
the nominal load condition given in Fig. 1 


•p - 


-p* - 

F x 

= X 

F x* 

L p J 

4 - 



crit 


where the * denotes the nominal (in this case ultimate) load. 


( 2 ) 


Thus the relative sizes of the loads are retained throughout the analysis. 
Particularly, the internal pressure has the value /fcp* in the analysis. 

It is, however, desired to obtain a solution for a constant internal 
pressure of 28 psi. To do thiB, three different values of p* were 
used, aB shown in Fig. 3 . The eigenvalues are relatively unaffected by 
the wave number. Figure 4 was prepared to facilitate interpolation . Note 
that there is a linear relationship, in the analysed region, between the 
l/X and l/\p*. This relationship may be expressed as 


X 


2>75 


1 + 


30 

XP* 


(3) 


The quantity S^, in Fig. 4 is the meridional location of the maximum 
amplitude modal deformation, as indicated in Fig. 5 . Note that, as the 
pressure is increased, the location of the buckles (critical region) moves 
toward the narrow end of the cone. The mode shapes and forces for one of 
the investigated configurations are shown in Figs. 5 through 7 . 

Equation (3) was used to construct the design graph in Fig. 8 . Ofoe BOSOR 
analysis gives for p = 28 psi an eigenvalue of X = I. 33 . However, 
as is well known, the theory of buckling often predicts failure at higher 
loads than those encountered in practice, and so-called knock-down factors 
are employed to correct this discrepancy. In this case, the information 
contained in Ref. 2 (the pertinent part of which is shown in Fig. 9 here) 
was used to determine the knock-down factor shown in Fig. 8 . With this 
factor the eigenvalue for p = 28 psi is reduced to O .83 at the 99 percent 
probability level, giving the following values for the estimated buckling 
load: 


z. 
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Buckle Load 


F t = 


28 psi 

0.83 x 196,000 
0.83 x 23,000 


163,000 lb 
19,000 lb 


g 

The (classical) buckling load is proport i on^_t£_ (t/R) • Therefore, 
by increasing the thickness by a factor j/l/0.85 = l-°9 the buckling 

load will be brought up to the required level. This increase in thickness 
need only be made in the upper half (S = ^0 to 80) of the cone. 

3. Nonlin ear Axi symmetric Collapse Analysis . In order to check for the 

possibility of large deformation collapse (as a Belleville washer) the tank 
was analyzed for nonlinear response. This type of analysis can only be 
made for axisymmetric loads, so the lateral component F L was translated 
into an equivalent axial load.* The results of this analysis are shown 
in Fie. 10. It is found that the nonlinear deformations are only slight, i.. 
larger than the linear deformations, and thus the possibility of axisymmetric 

collapse is remote. 

REFERENCES 

1. David Bushnell : "Stress, Stability and Vibration of Complex Shells of Revolution: 

Analysis and User's Manual for B0SQR3," SAMSO TR-69-375, 6 Sep 1969- 

2. B. 0. Alwoth, A. B. Burns, E. V. Pittner: "Design Criteria for Axial^ Loaded 

Cylindrical Shells," J. Spacecraft, Vol. 7, 6, June 197°, PP- 71*^720. 


*This amo unts to a 20 percent increase of the axial load. 
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PROBLEM 

The longitudinal joints in the spotbonded version of the baseline LH^ droptank 
(Conf. B) (Fig. l) are the critical feature of this design concept. A realistic 
stress analysis, including the (as shown) very significant nonlinear effects in the 
joints is required. A complication is the fact that the problem is two- 
dimensional: the tank cross-section is not rotationally symmetric. 


RESULTS 


Nonlinear stress analysis results for three different configurations (variations in 
D and t, Fig. l) have been obtained. It was found that the nonlinear effect is 
very large : a linear analysis would have underestimated the ultimate pressure 

capability of the Lf^ tank by more than 300 percent. 

ANALYSIS 


1. Elementary Analysis - An elementary linear uniaxial analysis gives the 


following maximum stresses for a joint where the gap D — ^0 

(see Fig. l) : 


In shell : a . = 4 - 

sh t^ 

(i) 


T *. „ N 

In strap: a , - 7 

St tg 

(2) 

where 



- N 

- applied load, lb/in. 



= shell thickness 


*2 

= strap thickness 


The membrane stress in the shell is 




Thus, the stress concentration in the strap is 
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The condition for equal maximum stress in the shell and strap is obtained by 
equating Eq. (l) to Eq. (2): 


= 1.75 \ 0 


= 


Nonlinear Analysis — As the internal pressure is increased nonlinear elastic 
effects takes place : the structure strives to minimize the discontinuity by 

taking on a more advantageous shape. Since in the longitudinal strap joint 
deformations can take place inextensionally one would expect that the nonlinear 
effects are .important. This expectation iB fully borne out by the analysis 
results shown in Fig. 2 for a 0.05- inch thick strap. The lowest pressure used 
in the analysis was 0.01 psi, a pressure which may be considered too low to 
cause any nonlinear effects. For this pressure a stress concentration factor 
of 4.99 was realized. (This compares rather well with the factor 5*46 given 
by Eq. (4); the difference may be attributed to the finite gap D used in 
Fig. 2.) However, as the pressure is increased the stress concentration falls 
off rapidly, becoming 2.00 at about 10 psi pressure, and I.65 at about 30 psi 
pressure. 

The analysis on which Fig. 2 is based was done with the aid of the finite- 
difference computer program BOSOR (Ref. l). While strictly Bpeaking this 
program is applicable only to shells of revolution, an analytical "trick" 
makes it possible to apply it to noncircular cylinders. This is done by 
treating the cylinder as a toroidal shell with a huge radius - a shell that 
resembles a bicycle tire. The length of the cylinder is fixed by the wave 
number chosen for harmonic variation of stresses and displacements around the 
large circumference of the torus.* The analysis can therefore only be made 
for simply supported cylinders with arbitrary cross section shape and thickness 
distribution. The "axis" of the cylinder analyzed in this manner corresponds 
to the axis of centers of meridional curvature of the torus, an! the circum- 
ference of the cylinder corresponds to the meridional direction of the torus. 

Thus, the analysis "trick" amounts to a reversal of the independent, variables 
a and 0 . Figure 3 shows the principle of the modeling, and Fig. 4 shows the 
actual dimensions used in the analysis. That this model is a good representation 
of the straight cylinder -fib-shown by the fact that the maximum stresses at the 
inside joint (A in Fig. 4) agree to three figures with those at the outside 
joint (B). Better agreement could be had by increasing the radius R to, say, 

1()5 inch, but the increased accuracy would not justify the increased run time. 

A complete set of plotted output data is contained in Fig. 5. The terms 
"hoop" and "axial" refer to directions in the cylinder. By "equivalent stress" 
is meant the von Mieses stress: 


/ 2 j 2 

<7 = Jc 1 + a 2 - ^ o g 


*In the cases described here the wave number was zero, making the cylinder length 
infinite. A finite length cylinder must be treated as a linear problem with this 
"trick." One does not get something for nothing. 
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From a study of the results of the first configuration it was decided to continue 
the exploration of the strap joint by increasing the strap thickness to O.O67 inch, 
and to increase the gap D (Fig. l) to 0.5 inch. The results of the analysis are 
shown in Fig. 6 (for D = 0.25 inch) and in Fig, 7 (for D = 0.50 inch). The 
maximum stress in the shell is practically unaffected by these changes, but the 
strap stress is considerably decreased. Note that the strap thickness to shell 
thickness ratio is 0.067/0*039 - 1*72, which is close to the figure given by 

Eq. ( 5 ) as the condition for equal stress in strap and shell. Figures 6 and 7 
show that for low pressures (i.e., linear response), the stress is indeed the same 
in the strap and in the shell, but as the pressure is increased the shell now becomes 
critical. This is, of course, due to the large step at "B" (see Figs. 6 and 7 ). 

By tapering the strap the shell should become less critical. Figure 8 shows that 
this is indeed the case, but that the tapering has a detrimental effect on the stress 
in the strap. From these analyses it appears that the ideal strap design would 
appear very much as in Fig. 9 * Due to time limitations this configuration has 
not yet been analyzed. 

An interesting aspect of the strap design is the increase in the axial force in the 
strap itself, as shown in Fig. 5 (e). This increase is of the order of 50 percent 
and implies that ends of the cylinder and therefore also the closures, will be 
subjected to a nonuniform circumferential load distribution, as shown in Fig. 10 . 

The computer code B 0 S 0 R (Ref. l) is capable of handling this problem, but only for 
the linear case. However, if a nonlinear analysis is required, the computer code 
STAGS (Ref. 2 ) is available. 

REFERENCES 


1 . David Bushnell, "Stress, Stability and Vibration of Complex Shells of Revolution: 
Analysis and User's Manual for B 0 S 0 R 3 ," SAMSO TR-69-375, 6 Sep 1969. 

2. B. 0. Alraroth, et al., "User's Manual for the STAGS Computer Code, Buckling 
Analysis of General Shells," Vol. II of "Nosetip Design Analysis and Test 
(NBAT) Program," Lockheed Missiles & Space Company, Report IMS C- DO 32008 , 

December 1970 . 
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Fig. 6 Longitudinal Strap Joint Nonlinear Analysis 
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Evaluation of the Grumman jGAC) external LH 2 Droptank Orbiter concept (Rei 1) re- 
quires knowledge of the thermal environment and thermal protection system (TPS) - 
requirements^ of the orbiter and droptanks. These data can then be used to determine 
o^th^s °te GAC data 8213 t0 formulate 11130 predictions of the thermal characteristics 


RESULTS 


GAG thermal environment and TPS data were found to be generally comparable to LMSC 
°^?S ati ? n o; n Tots ~ ' Jr °P tank TPS weight was calculated at 4340 pounds, with an 
56 ?. p T d “ of , TPS material required on the orbiter due to interference 
heating from the droptanks. Several different ablators were examined, with 30 pcf 
cork panels proving to be the most effective. ^ 


ANALYSIS 


The GAC external droptank orbiter is shown in Figure 1 (Ref 2). All required ascent 
LH2 is carried xn the external droptanks, which are jettisoned in orbit The orbiter 
W ia 157 ^ th a 106 « "ing^ and 55° leading ed^ep Tte 
in are H ft in diameter and 85 ft long with an LH 2 capacity of 

1°’^ cubic feet per tank. As part of the present study, droptank length as a 

S^Pimr a °2 ~ lamate J Yf 3 °° m Puted for a constant tank volume. Results are shown 

ta ^ diameters from 10 to 20 ft. For a droptank diameter of 10.4 ft, 
the length is equal to the orbiter body length, 132 ft. ’ 

Thermal Environment 

f ° r . th ? external droptank orbiter is shown in 
JJlgure 3 (Ref 3). Booster burn-out is 185 seconds after liftoff. Angle-of-attaek 

Scllna+T d Z ? r 2n f0r ths entire ascent. Orbiter injection is into a 28.5° 

ratio r^VA+° rbit +w t a 0 altitvde ' Th e droptanks are jettisoned in orbit where 
retro-rockets on the droptanks are fired to de-orbit the tanks. For the present 

study, no droptank reentry infonnation was available, therefore the following 
analyses are for the ascent thermal environment only. 

Data from a. series of GAC tests were obtained from Langley Research Center and are 

b ® in f evaluated. The tests were run at LaRC in the Continuous Flow Hyper- 

^ “ ? nal ^ a ° h nmber ° f 10 • The consisted of a thin-skin^del 

, ^ hermocou P les mounted on the orbiter side in the interference heating regions 

thf th H ™ erm0 °i Uple i S ° n a f°P tank 111 the Interference regions. The locations^* 
the thermocouples along with the ratio of the local heat transfer coefficient 

'“LOCAL' to the heat transfer coefficient on a 1 ft radius spherioal stagnation 

point (h 1 pj spHERE ) are shown in Figure 4. These ratios (h^ n . T /h. _ 

are plotted in Figure 5a for the orbiter body side as a functi^ “ dlsSnc™ng 
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the body. The peak at X/L = 0.38 is caused by the Impingement of the drop tank bow 
shockwave on the orbiter side. The peak for W.L. 412 corresponds to an Interference 
heating factor of about 50. This is a localized effect though, and the interference 
factor for most of the body side is 8 or less near the droptank. Figure 5b plots 


h L0CAl/ h 


1 FT SPHERE 


for the droptank side as a function of distance along the tank. 


The various peaks correspond to impingement of orbiter shocks and shock reflection 
off the orbiter onto the droptanks. Interference factors from 20 to 40 are indicated 
on the conical section of the tank, while for the cylindrical section, the factors 
are generally less than 6. 


Ascent heating predictions were based on Spalding-Chi heating theory with a transition 
Reynold’s number of 100,000, based on boundary layer length. This relatively low 
transition Reynold’s number was assumed to account for the flow disturbing effects of 
the orbiter shock system. Ascent heating histories for three locations on the drop- 
tank are shown in Figures 6a, b, and c. These heating rates are based on radiation 
equilibrium wall temperatures. The lower solid line in each figure represents the 
computed local undisturbed heat transfer rate, i.e., the local heat transfer rate for 
the droptank without the effect of interference between the orbiter and droptanks. 
Heating rate histories are shown for different multiples of the undisturbed heat 
transfer rate along with the GAC heating rate histories (Ref 3). The GAC curves 
reflect interference heating factors from 4 to 10 and more, depending upon location 
and boundary layer flow state (laminar or turbulent) . The reason for the difference 
in time of peak heating between IMSC and GAC heating curves shown in Figure 6a is 
unknown but is probably due to the use of different transition criteria or boundary 
layer lengths in the calculations. Heating peaks at other locations occur at nearly 
identical times. 


Comparison of GAC predicted tank heating rates (Fig. 6) with the test data of 
Figure 5b indicate reasonable agreement between this assumed and measured inter- 
ference factors. Factors above 10 are indicated on the conical section in Figure 6a, 
which are confirmed by Figure 5b. On the cylindrical section, factors close to 6 
for the forward part and near 3 for the aft portion are shown in Figures 6b and c. 

These factors also show reasonable agreement with the test data. The local undis- 
turbed heat transfer coefficient ratio shown in Figure 5b is what would be appropriate 
for areas on the droptank where there is no interference heating. The value at which 
the ablator analysis was performed is shown in Figure 5b as the ablator evaluation 
interference factor at ^ SPHERE = °- 19 ‘ 

Figure 7 is a schematic of the droptank TPS proposed by GAC (Ref. 4) • Their summary 
TPS weight statement is also shown. A constant thickness of 0.75 in. of 2 pcf poly- 
urethane foam is used to cover the entire tank. As shown, GAC assumes 1000 ft 2 of 
ablative TPS is required to protect the tank in highly heated flow interference 
areas. No data are provided on the ablator type, thickness, or density. Figure 8 
show3 the orbiter surface areas assumed by GAC to require additional TPS due to 
interference heating. The total weight penalty is estimated at 924 lbs for tha 
baseline droptank. 

During the present study, TPS weights were computed as a function of tank diameter 
using the GAC data discussed above. The weight of the polyurethane foam was esti- 
mated assuming a thickness of 0.75 in. at 2 pcf plus an additional 0.125 in, to 
account for uncertainties in the spray application. An allowance of 0.104 pcf was 
also included to account for a waterproof and flame retardant surface coating (Ref. 5) . 
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A 30 pcf ablator with an average thickness of 0.25 was assumed as representative 
for the 1000 ft 2 of tank area requiring ablative TPS (Fig. 7). Data of Figure 8 
were modified to account for changes in tank geometry. 

Figure 9 summarizes the results of this analysis and plots, for a fixed droptank 
volume (variable length and diameter), the weights of the various components of the 
TPS. Curves 2 and 3 of Figure 9 plot the computed weights of the ablator and foam, 
respectively, with Curve 4 being the total of Curves 2 and 3. A minimum droptank 
TPS weight (2 tanks) of 4340 pounds occurs at a tank diameter of about 14 ft, the 
GAC baseline design. TPS weight penalty on the orbiter wings and body due to the 
presence of the droptanks is plotted in Curve 1 of Figure 9. If this weight is a 
added to the foam and ablator weights ( Curve 4) > the total TPS weight penalty due to 
the droptanks (Curve 5) is constant for diameters less than 14 ft at a value of 
5300 pounds. The GAC droptank TPS weight shown in Figure 7 is 4750 pounds. This 
weight contains insulation items not included in the present analysis suoh as cryo- 
genic insulation on the forward dome inside the conical nose oap. If these items 
are excluded, the GAC droptank TPS weight is about 4100 pounds, which is close t j 
present prediction of 4340. 

An analysis was performed to evaluate the thermal performance of five ablators on the 
cylindrical portion of the droptanks affected by interference heating. The local 
heating rate at the location examined (X = 20 ft) was assumed to be 0.19 and 0.30 
times the stagnation point value for laminar and turbulent flow, respectively (see 
Fig. 5b). Table 1 lists the five materials that were examined and their densities. 
Ablator thicknesses were selected such that a constant unit weight of 0.625 psf 
resulted. This is the unit weight that was assumed in the previous calculations. 

The amount of ablative weight lost during ascent is shown in Table 1 for the five 
materials. Weight loss for all materials waj one percent or less. Thermal pro- 
tection was judged adequate if the ablator succeeded in maintaining the foam/ablator 
interface below 500°F (the assumed foam decomposition temperature) and the droptank 
structure below -200°F (the pressurization gas temperature) until time of separation. 
Only DC-325 did not meet these requirements, although two of the silicon elastomers 
allowed the foam/ablator interface to come within 30°F of the critical temperature , 
and therefore were judged to provide only marginal thermal protection. Ablator 
surface and foam/ablator interface temperatures are shown in Figure 10 for the five 
ablators studied. The difference in surface temperatures is due to the varying 
properties of the different ablators, such as specific heat, conductivity, and abla- 
tive characteristics. The only available GAC data on their ablator performance 
(Ref 2, page 3-61) is also shown in Figure 8. Their foam/ablator interface tempera- 
ture history indicates that either an excessive thickness of ablator was assumed 
or that incorrect material properties were used for the ablator. 

CONCLUSIONS 

1) Pre lim i n ary analysis of wind tunnel heating data obtained by GAC shows average 
interference heating factors on the external tanks and orbiter side between 4 
and 8, decreasing toward the aft end of the orbiter. Localized peak interfer- 
ence heating factors of 40 to 50 are indicated on both the orbiter and droptanks. 

2) Comparison of GAC predicted heating rates at various droptank locations show 
reasonable agreement with wind tunnel test data. 
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3) Thermal analysis of the droptank TPS selected by GAC shows this concept to be 
adequate. A thickness of 0.75 in. of foam in the non-interference regions of 
the tank with interference regions of the tank having a coating of ablative 
material would be sufficient . 

4) Comparison of GAC-computed TPS weights with IMSC weights, show fair agreement. 

The figures are within 300 pounds, depending upon how GAC data is interpreted. 

5) An evaluation of five ablators showed that 0.25 in. of 30 pcf cork applied 
outside the foam, provides the best thermal protection for unit weight analysed. 
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Figure 6a Droptank Ascent Heating Rates 
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Ablator Description 
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Silicon Ablator 
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High Temperature 
Capability 


Density 

(pcf) 


Table 1 

ABLATOR ANALYSIS RESULTS 

® Max Temperature ( F) 

Thickness % Weight Loss — 

(inches) During Ascent (?) (2) Qf 


635 250 -300 


685 470 -253 



Adequate 

Thermal 

Protection 



Marginal 



652 491 -242 Marginal 


760 665 -194 
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Figure 10 Drop tank Ablator Temperatures 
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ENGINEERING MEMORANDUM 



PROBLEM STATEMENT 


Evaluation of various Grumman (GAC) droptank reentry modes has shown that the tank 
tends to stabilize at total angles of attack (7j) greater then 0 deg instead of 
tumbling throughout reentry as previously assumed. In order, to fully analyze 
the stable reentry modes, ablator thicknesses required to protect the tank for 
intact entry must be known. 

RESULTS 

For reentry with the droptank stabilized al 7) = 5 deg, cone first, 0.42 in. 

of cork is required on the conical section and 0.23 in. on the cylindrical section 
to protect the tank for intact impact. For reentry with the droptank stabilized 
at 7) > 20 deg, 0.42 in. of cork is required over the entire tank. Total thermal 

protection system weight (foam insulation and cork) is 7545 lb for 7) = 5 deg 

reentry and 10,783 lb for 7} > 20 deg reentry. 

ANALYSIS 

The GAC external droptank orbiter is shown in Fig. 1 (Ref. l). All required 
ascent LHj? is carried in the external droptanks, which are jettisoned in orbit. 

The orbiter overall length is 157 ft with a 106 ft wingspan and 55 deg leading edge 
sweep. The baseline droptanks are 15 ft in diameter and 94 ft long with an LRq 
capacity of 13,900 cubic ft per tank. The droptank forward cone semi-apex angle 
is 15 deg. The altitude and velocity histories of the droptank for a stable, 
trimmed reentry trajectory are shown in Fig. 2. Retro rocket firing is at 0 sec 
with droptank impact at about 1500 sec. Retro rocket firing is at the apogee of 
the droptank orbit, 1638 sec after liftoff and 1218 see after orbit insertion. Also 
shown in Fig. 2 is the assumed maximum total angle of attack ( 7 } , the angle between 
velocity vector and droptank centerline) . Angle of attack values are not shown 
prior to 900 sec because the droptank has not yet stabilized after the de- orbit 
' maneuvers. The droptank stabilizes at 7] g 40 deg at altitudes less then 200,000 ft. 
Radiation equilibrium ■cemperature histories for the droptank conical and cylindrical 
sections for 0 £ 7] s 20 deg are shown in Fig. 3 . These temperature histories 

were computed assuming constant 7) throughout reentry. Constant 7} reentry is 
not consistent with the droptank trajectories, but was done to simplify the calculations 
required. Maximum surface temperatures on the cylindrical section are 1200°F for 
7} = 0 deg reentry and 2920°F for 7] = 20 deg reentry. Maximum surface 
temperature on the conical section is 2640 deg. The conical section temperature 
history was assumed invariant for all reentry angles. 

Figure 4 shows cork ablator requirements to protect the tank for intact Impact for 
the conical and cylindrical sections of the droptank. The thermal environment 
used to determine the ablator thickness was based on the average circumferential 
droptank heating to account for tank spinning. For reentry at 7] - 5 deg and 
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j assuming a 500 F bondline temperature limit at impact, 0.42 in. of cork is required 

l on the conical section and 0.23 in. is required on the cylindrical section. Total 

| TPS weight, including spray on foam insulation, bonding agent, and surface coating 
i is 75^5 lb for 2 tanks. For reentry at 7) a 20 deg, 0.42 in. of cork is 

I required over the entire droptank. TPS weight is 10 , 783 lb for two droptanks. 

j | Assuming stabilized reentry, intact entry for the GAC droptank is feasible. The 
i if lower TPS weight requirements at the smaller trim angles indicates the advantage 
j »£ of tank stabilization. 

.! I 
' %■ 
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TITLE: 

DROPTANK PRESSURIZATION STUDY 
WITH ASCENT TPS 

em no: L2-12-02-M1-2 

REP: 

date: 18 June 1971 

AUTHORS: 

R. M. Vemon/J. J. Gries _ 

APPROVAL: 

ENGINEERING 

SYSTEM ENGRO g ■ ft , 


PROBLEM STATEMENT 


To determine the effect of pressurization system design on the propellant tank 
and residual weights for tanks with thermal protection for ascent only. 

RESULTS 

Analyses indicate that the proposed pressurization/vent system provides a minimum 
of 4 psi NPSP throughout the propellant drain period without exceeding 26 psla 
ullage pressure at any time. 


AFFECTED WORK BREAKDOWN STRUCTURE 



Propellant Tank 
Orbiter Pressurization System 
Assumptions 

The droptank configuration used in this analysis is shown in Fig. 1. A tank wall 
with a thickness of 0.057 in. was used and was assumed to be 2219 aluminum for 
thermal purposes. The insulation was 3/4 in. polyurethane foam with a t ermal 
conductivity ranging from 0.0026 Btu/hr ft °R at 37°R to 0.022 Btu/hr ft °R at 
600 OR. 


Discussion 


Pressurizations Computations 

The Asymmetric Propellant Heating Computer Program ^ was used to perform propellant 
heating, stratification and pressurization computations. The computer model treats 
a draining axisymmetric vessel with variable acceleration and allows for 
asymmetric heating effects. The liquid is treated in a stepwise -in-time manner and 
is stratified in horizontal layers due to assumed quasi-steady boundary layer flow 
along the h eated ve ssel walls . The boundary layer flow is considered to be 
turbulent and includes wall heating as well as source (nuolear) heating. The 
asymmetric heating is treated by considering the vessel as a number of wedges 
about the vessel center-line. The pressurization is treated in a continuous 
manner and couples the ullage with the liquid and the wall through mass and/or 
energy transfer, and includes continuous or intermittent pressurizing or venting. 

The ullage region is considered to be a lumped system of mean properties as is 
the wall. 
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For each specified time step, the program prints out a considerable amount of data 
including boundary layer characteristics, ullage conditions, pressurant and vented 
masses and properties of each liquid layer. During expulsion periods the properties 
of the drained propellant are also printed. 

In the droptank study, the heat flux shown in Fig. 2 was applied to the tank wall. 
Input data for ascent acceleration and propellant flowrate are shown in Figs. 3 
and 4 respectively. Table 1 presents the fixed input data and initial conditions. 

An engine bleed pressurization system to provide a constant flowrate of 0.5 Ibm/sec 
of hydrogen at 500°R was assumed. 


Analysis 


Ullage press ;re has a direct effect on tank weight and Fig. 5 shows ullage pressures 
for the droptank with 3/4 in. foam insulation. After venting the tank to 16 psia 
on the ground, the vent was closed at 50 seconds before lift-off. For safety 
reasons, the vent had to remain closed until 100 seconds after lift-off and there 
was a rise in ullage pressure as expected. However, venting was not required 
because the desired operating pressure level of 26 psia would not be reached until 
the engine starts operating and supplies pressurant gas. Very little gas was vented 
at this time since the expanding ullage during expulsion causes the ullage pressure 
to decrease. At 375 seconds after liftoff the ullage pressure was at a minimum as was 
the engine inlet pressure. The rise in pressure at the end of the burn was due 
to high wall heat fluxes resulting from the foam eroding away. 



The pressures at the tank outlet and engine inlet show the effect of varying 
acceleration levels on the hydrostatic head developed in the liquid. During engine 
operation the lower engine inlet pressure reflects the pressure losses in the feed 
system. During the last 45 seconds of the bum, the propellant flowrate continuously 
decreased to maintain a constant acceleration of 3g. The resulting decrease in 
feedline pressure drop allowed the engine inlet pressure to surpass that of the 
tank outlet. Th9 liquid temperature profiles (fig. 6) show very little temperature 
rise of the bulk liquid during the first 180 seconds. The wall heat flux was small . 
at this time but the boundary layer flow had already caused a substantial layer of warmed f/ : 
liquid on top. About half-way through the bum, the liquid delivered to the engine 
started to increase in temperature. However, all propellant entering the feedline 
remained below 39°R as shown by the temperature profile of the residual remaining 
at 4 22 seconds from liftoff. The minimum NPSP occurred just before engine shutdown 
when the propellant temperature was rising quite rapidly while the pressure at the 
engine inlet was increasing slowly. At shutdown the liquid at 38.9°R had a vapor 
pressure of 21.0 psia resulting in an NPSP of 4.6 psi based on an engine inlat 
pressure of 25.6 psia. 
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The residual vapor mass was about 220 lb* Earlier analyses with Insulation thicknesses 
from 3/8 to 1 1/8 in* resulted in a variation of residual vapor with wall heating 
of less than However, the operating pressure in these cases was 23 psia which 
resulted in an NPSP too low for a suitable design. 
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Table 1 


Fixed Input Data For Pressurization Analyses 


Propellant Loading, Ibm 
Total Tank Volume, ft^ 

3 

Initial Ullage Volume, ft 

2 

Total Surface Area, ft 

Initial Propellant Saturation 
Pressure (3) , psia 

Operating Pressure, psia 

Ground Hold Duration, sec 


48,055 

11,238 

371 

3,425 


( 1 ) 

( 1 ) 

( 1 ) ( 2 ) 
( 1 ) 


17.0 

26.0 

100 


Notes; 

(1) Values are per tank 

(2) Initial ullage includes vapor trapped during 
loading operation. 

(3) Saturation condition is at start of ground hold period. 
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PROBLEM STATEMENT 

To show system functional schematic, indicating location and complexity of hardware 
required to meet operational and redundancy requirements. 

To show schematically the automatic control loops of the system and the complexity 
inherent in providing fail safe/fail operational capability. 

RESULTS AM) WORK BREAKDOWN ELEMENTS 


The followings figures and accompanying discussion thereof essentially constitute 
the results of the problem statement above* 

Figure 1 - Droptank Vent and Pressurization System 

Figure 2 - Droptank Feed and Circulation System 

Figure 3 - Control Logic Schematic For Recirculation Pump(s) Inlet Valves 
Figure 4 - Controls Schematic For Helium Prepressurization 
Figure 5 - Controls Schematic For Helium Regulation 
Figure 6 - Controls Schematic For Tank Venting 

Figure 7 - Fail Safe/Fail Operational Control Circuit For Quad-Redundant 
Analog Sensors 

Figure 8 - Fail Safe/Fail Operational Logic Control Circuit For Quad- 
Redundant Pressure Switch Assembly 

Figure 9 - Timer Commanded Events 
DISCUSSION 

The location of system hardware was influenced strongly by the need to minimize the 
amount of hardware Jettisoned. Therefore, as much of the hardware as possible is 
located on the orbiter side without compromising the operational requirements of the 
system. An effort was also made to minimize system weight, length of lines, and 
system complexity - while meeting the fail safe/fail operational requirements. 

Squib-actuated valves were selected for one-shot applications, thus taking advantage 
of the high reliability and power/weight ratio inherent in squib actuators. 

Quad-redundant sensors are used throughout except for the optical type liquid level 
point sensors. Single optical sensors are mounted at the following volumetric levels 
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in each tank; 2 %, 3 %, 10 %, 20 %, 30 %, 40*, 50 %, 60*, 70 %, 80*, 90*, 97*, 98*, 99*, 
and 101* - with four sensors at the 1* and 100* levels. 

Post-separation tank venting is accomplished by squib actuating valves 5VG1 and SV02 
open, via a sequence timer command, so that relief valves RV01 and RV02 will maintain 
the tank pressures below the level required during reentry of the tanks. 

All fluid lines, on the orbiter half of the droptank-orbiter interface, will be closed 
to minimize venting after separation. 

In addition to the automatic control loops, there are various control functions based 
on ground command, guidance computer commands, and droptank sequence timer commands. 

The following Table 1 can be used in conjunction with Figures 1 thru 9 to analyze 
system operation. 


Table 1 

System Operation Analysis 


Component or Subsystem 

Condition 

SV01 and SV02 

Closed until post-separation pyro actuation. 

KV01 and RV02 

Inactive until STOL and SV02 actuated. 

SV03 and SV04 

Normally open until pre-separation command 
from guidance computer. 

PS01 and W01 thru W06 

See Figure 6. Active from Start of BUI 
to Separation. 

PS02 and W07 thru W12 

PI and HV01 thru HV06 

Active during Ground Pre-pressurization 
Operation only (Figure 4). 

P2 and HV02 thru HV12 

P3 and HSV1 — HSV3 

Active from Start of Bill Operation thru 
Separation (Figure 5). 

Liquid Level Sensors 

Active from Fill thru Separation. 

SV06 thru SV10 

Normally open - Pyro actuated closed prior 
to separation via orbiter guidance computer. 

FV01 and FV02 

Open only during Bill Operation 

FV03 and FV04 

Normals open - Pyro actuated close upon 
completion of Fill. 

IV01 and IV02 

Open from Start of Bill to Engine Off 
Command. 

and VI — V9 

Active from Start of Bill up to Engine 
Start Command (Figure 3). 
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Inlet Control Valves ~ For Recirculation Pumps . (See Figure 3) 

To insure the fail-safe/ fail- operational requirement - the (9) valve configuration 
was selected. The purpose of these valves is to assure proper flow and shutoff of 
LH£ to the recirculation pumps upon command. 

OPERATIONAL SEQUENCE 


1. Start the fill operation with the first set of valves (VI, V2, V3) and the 
output transducer (P 0 /control logic activated. The remaining (6) valves are 
inhibited at this time with V4, V5, V7 and V8 in the closed position. 

2 . Valves VI , V2 and V3 remain open until the engine start command is received 
and the fill command removed. 


3. If a failure occurs in which VI and V2 fail to control flow properly - the 
resulting low or high output from the redundant P circuit w ill disable the 
first set of valves by closing V3 and will activate the next set of valves 
(V4, V5, Vo) . This meets the fail operational requirement. 


V x fa p- t0 contTO } properly - V6 will be similarly actuated closed 
and the last set of valves (V7, V8 and V9) will be activated to provide the c 
control function. This then satisfies the fail safe requirement. 


5. The pump motor? are ON when valves are open, and OFF when valves are closed. 
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figure 4 - Controls Schematic For Helium Prepreesttrlsatlon 
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1. The start of operation begins tilth • reset (H) cmh 1 : 
which opens H3V1, closes H3V2 sod HSY3, end sets the 
j various relays for siAssguen t TAIL 3ACT -FA1L QPBMJTOIAL 
| SEQUENCING. , , . • 


2 , If H3V1 and/or POO l fall In such a Banner so as to cause 
an OUT- OF-TOLERANCE output froa the P3 pressure transducer 
Output Circuit (HI or Lo) - HSV1 vllreoonandeJ closed and 
H3V2 conaandd open. HSV3 sensing closed. This then oeets 
the fall operational requirenent. ’ 

3* If HSV3 and FH02 fall to provide proper regulation - H9V2 
Is similarly cotecno&ed closed aoi H3V3 comanded open. • 
This then provides the fall safe capability. \ 


figure 5 - Controls SohaaMtlo for Ballun Bsgulatlon 
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[ 1. Operation begins vith application of 2Bvdc 
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which closes WD1, W02, W03 and VKA, 

, . . and seta the logic control relays for . . , 
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* proper pressure levels in tank after a 
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| *■ activated to control the tank pressure 
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U, Each LHg tank has separate and Identical 
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Figure 6 - Controls Schematic For Tank Tenting 
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PROBLEM STATEMENT 


To provide a means of firing the orblter tank retro rocket including associated 
timed events for assuring tank dipersion over the chosen target area. 


Affected work breakdown structure : 


Orbiter 

Orbiter External LH 2 Tank 


RESULio 

This EM describes a method of checking droptank angular velocity and attitude 
prior to, and as a condition upon, firing of the retro rocket. It investigates 
methods of checking attitudes of the droptank and concludes that a minimal check 
system is required to assure safety to the orbiter. 


Assumptions; 



1 . 


Tanks jettisoned between 50 and 100 nm during coast 


2. Both tanks separated from orbiter simultaneously 


3. Typical sequence of timed events from the initiation of separation ( t Q ) 
employed. (At t~ minus 2 sec, the droptank electrical system is 
transferred over to the droptank battery from orbiter power. AH pro- 
pellant system events have been completed (See EM L2-12-03-M-1) . 

Actual separation initiation is done by the guidance computer: 


t 


s 


= 0 


Pyro separate 2-in. fluid and electrical 
quick disconnects. Separate zipcord joints 


t Q = 1 sec 


Pyro separate (5) attachment struts 


t B = 1.01 sec 


Eire (2) gas generator charges 


t B = 2.71 sec 


Jettison nose fairing (3 explosive bolts) 
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t =3,21 sec Fire retrorocket and separate attach hardware 
6 

t 0 = 12.21 seo Jettison retrorocket and attach hardware (13 pyrocharges) 
s 

tg = 14.21 sec Initiate ullage gas vent 

4. Tanks attached to orbiter at two points: near tank nose and tail. 
Separation thrust provided by two gas generators at these points 

5. Tanks should be a minimum of one tank length away from orbiter 
at retrorocket firing, if possible. 

6. High acceleration ejection (order of 5 g) preferred over low g 
ejection 

7 # Tanks ejected with impact of 56,000 lb for 0.2 sec (11,320 ft-sec) 
provided by gas generators 

8. To hit target area, ohe total error in attitude of the tank longitudinal 
axis from desired trajectory should be within ± 3 deg at retro ignition. 
Present angular velocity in ejection plan to attain this is assumed 

to be 3 deg/sec maximum 

9. Desirability of a minimu m system aboard the tank that has high probability 
of the tank reaching the dispersion area while satisfying m ini mu m safety 
constraints 

10. As further investigation reveals safety enhancement to be desirable, 
further sophistication can be added. 

Discussion 

Probable approaches to solving the problem: 

1.0 A basic approach to the problem is to start a timer aboard eaoh tank at 
the time of initiating the separation sequence. The timer runs through 
its t imin g sequence, and the retrorocket motor fires at t 0 = 3.21 sec. 

This approach assumes the attitude of the tank never exceeds the maximum 
error angle described in Assumption 8. 

2.0 A second approach is to ascertain error in the rotation of the tank from 
alignment in one-degree-of -freedom. That is, rotation in the plane-of- 
ejection due to unequal forces of ejection at the two ends of the tank 
would be the most probable source of alignment error. Using aocelerometers 
or other means to check that rotation in this plane is within limits as a 
constraint upon the timer firing the retrorocket is a further refinement 
over 1.0 above. If limits were exceeded, a further refinement of the 
system would be necessary to determine the time of ignition. 
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3-0 An additional refinement ig to use another set of two accelerometers 
to check the longitudinal axis rotation at 90 deg from the rotation 
error mentioned in 2,0. Again, in conjunction with the timer, firing of 
the retrorocket is inhibited if either set of accelerometers indicates 
that acceptable rotation error has been exceeded, (See Par. 2.0) 

4*0 Going to a stable platform with a gyro aligned prior to separation aw^ 
with accelerometers checking all degrees of rotational freedom is an 
additional step in refinement. If alignment error is exceeded, A gA-tn 
the timer firing of the retrorocket is inhi bited. (See Par. 2.0) 

5*0 A further refinement in 2.0, 3,0 and 4*0 is to allow the retrorocket 
to fire early — that is, before droptanks are one— tank length away 
from the orbiter but not less than some timed interval that assures 
a minimum distance from the orbiter, of say, 2/3 -tank length, if the 
rotational errors that puts the tank in the disp arsion area reaches its 
limit. Thus, timing limits exist, limiting nearness to the orbiter at 
which firing could take place, if angular velocity limi ts are reached. 
However, normal firing takes place at one-tank length from the orbiter if 
angular velocity limits are not exceeded. 

6.0 As a backup to these methods, a UHF (or S-band) radio link can be used 
to manually over-ride firing of the retrorocket. Providing a manual 
inhibit mode controlled by the astronaut appears impractical if the 
time from actual separation to retrorocket firing is 2.2 sec as assumed. 
However, if a lower g separation with a velocity of say 10 feet per 
second were used, the astronaut could supply an additional safety factor 
by manual l y inhibiting firing in cases where it was obvious to the 
respective astronauts observing each tank that the safety of the orbiter 
was endangered by the attitude of the tank as it approaches retrorocket 
firing distance. Regardless of the inhibit possibilities, a UHF (or 
S-band) radio link can be used as a backup for firing of the retrorocket 
if it becomes obvious to the astronaut that the tank is continuing to 
deploy from the orbiter in normal fashion but the automatic firing 
of the retrorocket has failed. In connection with this aspect, some 
method of illu min ation along the length of the tank is required should 
the tank disposal occur in darkness. Lighting must be such that the 
astronaut will be able to ascertain attitude of the droptank by visual 
observation. 
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Solution Considerations 

Method 1.0 has the deficiency that no check is made on the actual angular velocity 
or attitude of the droptank before firing the retrorocket leading to the possibility 
of the tank becoming an impacting projectile. It would be highly desirable to go 
to some more sophisticated checks, as described in approaches 2.0 through 4.0, to 
assure that the attitude of tanks is within limits, from the standpoints of hitting 
the target area and safety to the orbiter itself. However, the increasing 
complexity of items 2.0 through 4.0 also represents increasing costs of a throwaway 
system. It is felt that using Method 2.0 for the present is adequate, because 
rotation in the ejection plane has the highest probability of error. Reference 1 
shows that errors from roll in the proposed solution scheme, where angular velocity 
is checked at approximately 0.3 seconds after separation, would be minimal. If 
further study shows greater sophistication to be desirable as discussed in 5»0> (i.e., 
early firing of the retrorocket ) , it may be added to the proposed system by the 
addition of minimal hardware. In addition, if further study indicates a backup 
firing method is required, a UHF (or S-band; radio frequency link can be added with 
appropriate encoders and decoders. 

Solution 


The solution described here checks the angular velocity rate, based on translation 
time measurements, in the ejection plane, (i.e., a plane through the longitudinal 
axis of the two ejection chambers) . The measurement is made at fixed distances from 
the orbiter after completion of the separation impulse. In addition, a check is 


made on the attitude of the droptank, assuming angular velocity = 
translation is occurring. 


0, and only 


The system to accomplish this is shown in block diagram form in Fig. 1. Main 
components of the system are two light- emitting diodes (LED) for light sources, the 
two phototransistor pickup sensors, the two 10- ft tapes onboard the tank (lead ends 
anchored on the orbiter), and the timer with arithmetic logic. 


The metallic tapes are initially rolled up within a cylindrical container of large 
diameter or may simply be contained in straight tubular enclosures. As the tank 
deploys, the tapes are pulled out of their containers. Sensing holes are located 
just after the initial position of the sensors, say 1 in. away. At precisely 8 
and 10 ft further down the tapes are precision holes that are sensed by the photo- 
transistors causing the timer to read out into registers as the timer continues to 
count, (see Fig. 2). Precision of the measurements depends primarily upon the 
precision of the time base and mechanical precision of the sensing holes. Logic is 
used to calculate angular velocity and tank attitude in the ejection plane. The 
resulting values are compared against limits that allow the timer to fire the retro- 
rocket when both limit conditions are satisfied. 


When the droptank is deployed, the timer will read out into register 1 when either 
one of the tapes causes the first hole to be sensed. 

In addition, times t 2 and t^ are read out at 8 ft and 10 ft on tape 1, 
and t 2 and for tape 2. 
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v 


1 




For S 2 - S 1 ss S 2 - s\ =2 ft. 


r = 80 f t 


and where CO = 'cank angular velocity. 


I 

2 2 

V 2 “ V 1 | = 

t: - t- *s - *2 


r« 


Ass uming c«J v = 2 deg/sec, then 


1 

1 

8° x 2 

1 

1 

t « . t ' 

t 3 - 1 2 

57-3 * 


V *2 


* 1.4 


A further check is made to ensure that, although the angular velocity is within limits 
translation has not occurred that would exceed safety limits. This calculation 
assumes that angular velocity = 0 and only translation has occurred. See Fig. 3* 


= S 2 = 10 ft, v 2 = i2 and v x - h 


10 


Logic determines if Vg > or v^ > Vg. 

v / 

Assume "-J > V 2 . 

Then 

as = vat , i . 

ds = v-j 

Q = M ’ 
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PROBLEM 


Surface irregularities and manufacturing defects on the surface of the foam insula- 
tion on the GAC external droptanks will cause localized increases in heating. The 
allowable magnitude of the surface defects to prevent excessive heating must be 
determined . 


RESULTS 

For a 10 percent increase in surface heat rates over smooth surface values, the maxi- 
mum allowable, surface defect height waB 0.12 inch on the forward portion of the drop- 
trank and 0.20 inch on the aft portion. A 20 percent heat rate increase would allow 
a 0.25-inch defect height on the forward part of the droptank and 0.40 inch on the 
aft portion. Examination of a piece of sprayed polyurethane foam showed that surface 
irregularities were within the 20 percent heat rate increase boundaries. 

ANALYSIS i 

The GAC external droptank orbiter is shown in Fig. 1 (Ref. l). All required ascent 
LH2 is carried in the external droptanks, which are jettisoned in orbit. The orbiter 
has a 157-ft overall length with a 106-ft wingspan and 55-deg leading-edge sweep. ^ 
Droptanks are 14-ft in diameter and 85-ft in length with an LH2 capacity of 10,433 ft 
per tank. Droptanks are sprayed with 0.75 in. of 2 pcf polyurethane foam over their 
entire outer surface for cryogenic protection. Ablator was assumed to cover the foam 
insulation over the entire nose cone and interference heating regions of the droptanks 

The GAC design ascent trajectory is shown in Fig. 2 (Ref. 2). Booster burnout is 
185 sec after liftoff with orbiter injection into a 28.5-deg inclination orbit at 
50-nm altitude 422 seconds after liftoff. The droptanks are jettisoned in orbit 
where retrorockets on the droptanks are fired to deorbit the tanks. , 

Based on the ascent trajectory shown in Fig. 2, the boundary layer momentum thickness 
( 6 ) was calculated by the method of Reshotko and Tucker for a real gas (Ref. 3) for. 
two tank loca -cions, 30 and 60 ft aft of the nose. The displacement lever thickness 
( d*) was derived from the momentum layer thickness, (Ref. 4, pp 281-2) • The results 
are shown in Fig. 3 for the portion of the flight during which the boundary layer is , 
turbulent. The laminar boundary layer displacement thickness increases rapidly to 
several feet after transition, and was deemed not to be of importance in determining 
allowable roughness. The minimum displacement thickness is approximately 1.2 in and • 
2.0 in. at the 30 ft and 60 ft locations, respectively, 70 seconds after liftoff. 

These thicknesses increase to a maximum of 14 in. and 25 in. 190 seconds after liftoff 

As shown in Ref. 5, the increase in local heating due to surface roughness is a func- 
tion of the local Mach number (M[) , the ratio of the roughness height to boundary 
layer displacement thickness (r/o ), and the roughness width to height ratio (W/R). 
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Typical results (from Ref. 5) are plotted in Fig. 4 for a two-dimensional protrusion 
which is representative of the anticipated foam roughness. For the present study, 
permis sable roughness height corresponding to ID- and 20-percent heating increases 
were determined. Boundary layer displacement thicknesses at 95 sec after liftoff 
were used, since these are the minimum anticipated values during the period of signi- 
ficant heating. The results of these calculations are shown in Fig. 5 which plots the 
permissable roughness height versus width for the two heating increases studied, 10- 
and 20-percent. 

Also shown are the observed roughness dimensions from a typical piece of foam insula- 
tion. The observed roughness will cause heating increases of less than 20 percent 
over almost all of the droptank, and less than 10 percent over the portion aft of 
the 60-ft location. If the surface roughness on the droptanks is controlled to the 
tolerances shown in Fig. 5, no additional surface preparation, other than application 
of a moisture barrier should be required. 
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